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ABSTRACT
Undersized processed crawfish are proposed to be a resource for effective recovery 
o f crawfish flavors. Tail puree from undersized crawfish was hydrolyzed using protease 
APL-440 through response surface methodology to enrich flavor production. Optimal 
hydrolytic conditions were determined to be pH 8-9,65 °C, 0.3% (V/W) enzyme/substrate 
ratio with the reaction maintained at 33.3% puree concentration over 60 min period.
Effects of storage time and extraction method on the crawfish flavor profile were 
evaluated. Shorter storage time gave superior flavor stocks with less oxidized flavors. The 
shelf-life of frozen crawfish puree was at least six months. Atmospheric simultaneous 
distillation-solvent extraction (A-SDE) is a more suitable technique than vacuum SDE for 
flavor analysis.
Volatile crawfish aromas were characterized and compared by instrumental, 
olfactometric and statistical techniques. Gas chromatography/mass spectrometry allowed 
for identification o f 120 aromas including 24 aldehydes, 25 ketones, 19 alcohols, 15 
nitrogen-containing volatiles, 7 sulfur-containing volatiles, 24 aromatics, and 6 
miscellaneous compounds. Among these, 38 major compounds were categorized into three 
flavor groups designated as metabolic, thermal, and oxidative flavor groups for comparison.
Flavor profiles from four crawfish purees (i.e., crawfish tail puree (TP), crawfish 
whole-animal puree (WP), tail puree hydrolysate (TPH), and fructose-added tail puree (FTP) 
were compared using TP as a control. WP showed a significant increase in oxidative volatile 
aromas and a significant decrease in metabolic flavor group, which was attributed to the
xv
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inclusion of the crawfish head. TPH evidenced a significant increase o f 46% in the total 
amount o f flavors compared with that o f TP. This was attributed to the increased water- 
soluble precursors released by enzymatic hydrolysis. Thus, TPH was considered to be the 
best potential material for crawfish flavor preparation. The significant increase of nutty 
flavors in FTP indicated the strengthened Maillard reaction with addition o f fructose.
Principal component analysis (PCA) confirmed flavor quantitative differences 
between WP, TP, TPH, and FTP. However, aroma extract dilution analysis (AEDA) 
indicated that the aforementioned four purees had similar flavor profiles for the majority of 
flavors, except for several aromas. Pyrazines, aldehydes, terpenic compounds and aromatic 
aromas were considered to be important in contributing to a typical crawfish flavor.
xvi
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CHAPTER 1
INTRODUCTION
Louisiana is a major area of shellfish production, processing and shipment Ninety 
percent of U.S. crawfish production, with an annual harvest exceeding 45 million Kg (about 
100 million pounds), is from Louisiana (Culley et al., 1985; Meyers, 1987; Anonymous, 
1997). However, along with the consumption o f edible crawfish tailmeat, 85 million 
pounds of peeling waste, and generally non-commercially usable undersized crawfish, also 
are produced as processing by-products and have been traditionally discarded in landfill 
dumping sites without pretreatment. Therefore, with enforcement o f pollution laws to 
protect the environment, seafood processors have shown an increasing interest in utilization 
of undersized crawfish and/or crawfish processing by-products as potential useful raw 
materials for development of value-added products. This would minimize pollution 
problems and at the same time, maximize the processor’s profits.
Research on seafood total product utilization and value-added product recovery in 
Louisiana already has resulted in positive developments such as: extraction of carotenoid 
astaxanthin from crawfish processing waste (Chen and Meyers, 1982,1983); preparation 
of chitin/chitosan from crawfish waste and its application in recovery o f amino acids from 
seafood processing wastewater (No and Meyers, 1989a,b); extraction of food grade 
crabmeat and flavorants from blue crab processing waste and undersized crab claw (Lee 
et al., 1993; Chung, 1994); and bioflavor production from crawfish processing waste (Baek,
1
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21994). These successful approaches have stimulated local crawfish processors to seek 
“natural crawfish flavor stock” and other value-added products from undersized crawfish 
to meet expanding domestic and international flavor and seafood markets (Williams and 
Brown, 1987; Anon, 1990; Meyers, 1987; Meyers and No, 1995). In fact, it is evident that 
world-wide total utilization of “low value” seafoods and/or their processing by-products 
is part o f a trend towards more efficient utilization o f seafood resources (Joh and Hood, 
1979; Burnette et al., 1983; Sanceda et al., 1986; Shiau and Chai, 1990; Jaswal, 1990; 
Pigott, 1990; In, 1990; Mandeville et al., 1992; Cha et al., 1993).
Another facet of pursuing “natural” aromas derives from the public’s fear of 
“chemicaTor “synthetic” products, which are considered to be toxic and non-safe compared 
with “natural” flavors, even though the former are similar chemicals from the standpoint 
of food chemistry. However, protein hydrolysates, or any product o f enzymolysis, are 
thought to be the “natural flavor or natural flavoring” defined by FDA, which contain the 
flavoring constituents derived from meat, seafood or fermentation product thereof 
(Teranishi, 1989), providing these products have no hazards and are considered GRAS 
(generally recognized as safe). Therefore, in order to meet the consumer’s preference, there 
is a current trend to produce more natural flavors, so-called “bioflavors”.
Flavor compounds always are entrained in a carrier matrix, such as proteins, lipids 
and carbohydrates, which may be derived from such resources as crawfish. Meanwhile, 
compared with acid hydrolysis o f seafood (Jaswal, 1990), the enzymatic method, in which 
no active chemicals are introduced, usually is considered more appropriate due to less 
interference with extracted flavors. Proteases, therefore, have been tested for enrichment
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3of the recovery of flavors from seafoods (Reddy and Flick, 1989; In, 1990; Haard, 1992; 
Baek, 1994).
Although there is little doubt that significant progress has been made in analysis of 
volatile compounds of crawfish, we still do not have information on characteristic crawfish 
flavors due to their extreme low concentrations and complex interactions. However, 
developments in analytical instruments and new methods for flavor measurement, as well 
as discoveries of key compounds in other seafoods, have helped to identify more and more 
unknown important aromas. For example, the present popular flavor technique known as 
gas chromatography/mass spectrometer/olfactometry, with aid of statistical analysis, has 
been used in the present research for identification and comparison of flavor profiles of 
undersized crawfish processing by-products treated with different methods.
Recognizing current progress in the crawfish research program, the author has 
focused the objectives o f this research on the (1) separation and identification of the volatile 
crawfish components by gas chromatography/mass spectrometer and analysis of the 
characteristic flavors; (2) optimization of processing conditions using response surface 
methodology (RSM) to maximize enrichment of flavor recovery from undersized crawfish; 
(3) comparison of flavor profiles obtained from undersized crawfish through different 
processing methods using gas chromatography/olfactometry together with statistical 
analysis, and (4) characterization of the flavors derived from the glycerol-cysteine model 
reaction system.
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CHAPTER 2
REVIEW OF LITERATURE 
2.1: Freshwater Crawfish
Freshwater crawfish include two families, Astacidae and Cambaridae, 12 genera, 
Pacifastacus (Astacidae) and Barbicambarus, Bouchardina, Cambarus, Cambarellus, 
Distocambarus, Fallicambarus, Faxonella, Hobbseus, Orconectes, Procambarus. and 
Troglocambarus (Cambaridae), and over 300 species (Huner, 1994). Their sizes range from 
the dwarf species of the genus Cambarellus, which rarely exceeds 1 g, to a large member 
of Procambarus, which can achieve weights of more than 50 g under suitable conditions. 
However, the commercially important crawfish species in Louisiana only include the red 
swamp crayfish (Procambarus clarkii) and the white river crayfish {Procambarus acutus 
acutus) (Culley et al., 1985). International crawfish culture can be found in China, Spain, 
Scandinavian, Mexico, and Australia. However, the most significant aspect of crawfish 
culture is reflected in the Louisiana Cajun food culture.
2.2: Biological Parameters of Crawfish
Biggs (1980) summarized parameters for Procambarus clarkii during its life stages. 
It was found that P. clarkii can grow at an optimal temperature range o f 70-85°F (21.9- 
29.4°C) as long as food is available. However, P. clarkii begin to die if  the dissolved 
oxygen in water is less than 1.5 ppm. Although this species can grow well over the pH 
range of 5.8 to 8.2, acidic water results in thinner shells. Crawfish requires calcium for
4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
proper exoskeleton growth and hardness during and after molting. Five ppm calcium may 
be the threshold requirement from the surrounding environment. In comparison with its 
calcium requirement, P. clarkii requires only 3-9 ppt salinity. Generally speaking, 
crawfish are unusual in that they can be cultivated extensively, with little energy input and 
minimum processing water quality requirements, along with non-specific food and 
nutritional needs, and they tolerate a wide range o f culture conditions and systems. 
Therefore, the species can be found in swamps, pools, ditches and rice plantations with 
significant environmental food sources found in soil bottoms and vegetative cover.
However, for crawfish gourmets, some crawfish have an unacceptable “muddy” 
flavor due to accumulating of off-flavor via the food chain, e.g. blue-green algae, which 
have been found to synthesize bromophenols and other chemicals during growth (Whitfield 
et al., 1988).
2.3: Crawfish Market
Crawfish product has a ready market in the southern states of the USA, in which 
Louisiana accounts for 90% of U.S. farmed crawfish. The bulk of crawfish production is 
consumed in this state, mixed with the popularity of Louisiana’s French heritage. 
Traditionally, most products have been sold live to local markets. However, market 
conditions have gradually forced approximately half o f the crawfish to be processed by 
hand peeling with a yield of only 15% recovery o f edible tailmeat in the absence of a 
commercial peeling machine. Although additional flesh remains in the claws, it has been 
considered economically impractical to extract it. In addition, a large amount of undersized 
crawfish also are discarded in a volume as great as 30-50% of the total harvest.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6Other factors also increase the heavy pressure on the processing and marketing of 
crawfish meat in Louisiana and other places in the U.S. These include price instability of 
crawfish supply, rancidity of tailmeat packed with fat, lack of standard size categories, 
unpredictable seasonality, and import o f low-price crawfish meat from developing 
countries, especially China. The latter two factors have especially affected the Louisiana 
crawfish industry. For example, record low temperatures in 1995 drastically reduced 
crawfish production by 20% to 44.3 million pounds (Anonymous, 1996). Meanwhile, the 
latest tariff regulation concerning the increased imports of Chinese crawfish tailmeat, for 
which Louisiana crawfish farmers and processors filed a suit in 1997 to seek regulatory 
protection, have been approved, thus avoiding this economically serious problem.
Europe, including France, West Germany, Belgium, Sweden, and other 
Scandinavian countries, is another large market for crawfish consumption. Turkey, U.S., 
and Spain are the traditional crawfish suppliers for the aforementioned countries. 
Normally, as much as 3-5% o f Louisiana production of large crawfish (30-40g) are 
exported to Europe. In Scandinavia, it is traditional to eat crawfish during the summer 
where prices can be as high as $ 100/kg (Lee and Wickins, 1992).
Currently, a major obstacle for crawfish processors is the high cost from 
environmental pollution which can be considered in three aspects. First, a large amount of 
solid waste is generated from meat processing, which is composed primarily of the entire 
shell, internal organs, and meat left in claws and legs, together with undersized crawfish. 
Crawfish processing waste has been traditionally discarded into land fills or by other 
similar methods without pretreatment. Secondly, liquid waste produced from cooking
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7contains a large amount o f soluble proteins and nutrients that will increase biological 
oxygen demand (BOD) and chemical oxygen demand (COD) values. Thirdly, some 
inherent crawfish flavors, such as limonene, phenol, p-cresol and indole, are attractants of 
mosquitoes and other insects that are vectors for diseases (Mookheijee et al., 1993). This 
last pollution factor is especially noteworthy since there is still insufficient attention to this 
potentially significant subject. Therefore, with growing concerns of environmental 
protection and stricter regulations, crawfish processors have focused on alternative ways 
to deal with such problems to offset costs involved in disposal of processing wastes.
2.4: Utilization of Crawfish Processing By-products
Specific studies o f crawfish by-product utilization began in the early 1980's (Meyers 
and Bligh, 1981) and have been investigated continuously over the past 16 years. The 
successful commercial process of pigment carotenoid extraction from crawfish processing 
by-product has converted the initiative o f “total utilization” o f crawfish waste into an 
economic reality. The carotenoid, astaxanthin, recovered from crawfish waste, is currently 
being used in red sea bream mariculture in Japan (Meyers, 1987) and as a natural colorant 
in aquafeeds for pigmentation purposes. Chitin/chitosan prepared from crawfish waste has 
been demonstrated to be an effective ligand-exchange column material to recover amino 
acids from crawfish processing waste water. The latter was reported to contain large 
concentrations of free amino acids such as arginine, alanine, glutamic acid, serine and 
glycine (No and Meyers, 1989a,b). These particular amino acids are generally considered 
to be among the most significant contributors to the distinctive flavor o f crawfish. 
Attention also has been given to analysis of some important and characteristic crawfish
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8flavor components in crawfish tailmeat, hepatopancreas and crawfish processing waste 
(Vejaphan et al., 1988; Tanchotikul and Hsieh, 1989; Cha et al., 1992; Cha and 
Cadwallader, 1995; Baek, 1994). Cha et al. (1992) prepared flavor concentrates from 
crawfish processing by-products (CPBs) by heating at 100°C, and reported the production 
o f important and characteristic nutty flavors. Baek (1994) further used an enzymatic 
method to enrich the crawfish bioflavors from CPBs. Other related crawfish studies 
included preparation and extraction of purified anionic trypsin from the hepatopancreas of 
crawfish (Procambarus clarkii) and with use of this extract for flavor enrichment of crab 
processing by-product (Kim et al., 1992, 1994). Total projected utilization of crawfish 
processing waste as a source of various value-added products is illustrated in Fig 1.
2.5: Utilization of Seafood Processing By-products
Utilization of seafood processing by-products is counter-balanced with the high cost 
of generation of processing waste, with increasing attention given to environment 
protection. Seafood waste is being proposed for conversion into products such as animal 
feedstock, fertilizer, flavorants, and other high value-added products such as biopolymers 
(e.g., chitin/chitosan), enzymes, etc. Joh and Hood (1979) developed a concentrated and 
dehydrated clam flavor ingredient from clam processing wash water with reported 
acceptable dispersibility and solubility, as well as desirable color and flavor. In addition, 
Reedy and Flick (1989) demonstrated the existence of protease and glycosidases with high 
activity in clam bellies. Another study indicated the utilization of oyster shucking liquid 
waste for commercial oyster soup (Shiau and Chai, 1990). Recovery of protein and amino 
acids from shrimp and crab was evaluated by several research groups (Jaswal, 1990; No
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
t
TOTAL
DRYING
FEED
SUPPLEMENT
CRAWFISH PROCESSING “WASTE”
i
HEPATOPANCREAS
MEAL
PRESS
CAKE
PROTEASE f
PUREE
FLAVOR 
AMINO ACIDS 
RECOVERY
DISCHARGE
WATER
GRINDING
SHELL
SOY OIL 
XTRACTION
PIGMENTED
OIL
CAROTENOID
/PROTEIN
COMPLEX
CAROTENOID 
/SHELL 
COMPLEX
PROTEIN/
PIGMENT
CHITOSAN
CHITIN/
Figure 1: Schematic total utilization of crawfish “waste” (Adapted from Meyers, 1987)
10
and Meyers, I989a,b). Kim et al. (1992, 1994) found crawfish hepatopancreas to be a 
potentially good source of protease for biogeneration of flavors from crab and other 
crustacean processing by-products. Also, No and Meyers (1989b) used crawfish waste to 
prepare chitin/chitosan. Chung and Cadwallader (1993,1994) demonstrated the feasibility 
using concentrated flavor extract from blue crab waste as an additive to minced meat 
crabcakes (Lee et al., 1993).
2.6: Seafood Flavor
Much research has been performed on identification of the substances responsible 
for the characteristic aromas or flavors of seafoods (Konosu, 1979; Josephson and Lindsay, 
1986; Whitfield et al., 1988; Hsieh and Kinsella, 1989; Karahadian and Lindsay, 1989; 
Sakakibara et al., 1990; Josephson et al., 1991; Lin, 1994). Based on those studies, it has 
been suggested that fresh saltwater fish possess mild but distinctive flavor (Lindsay, 1990), 
while freshwater fish may have an earthy/musty, plant odor (Maga, 1987).
Lipids in seafood have been shown to be one of the major precursors of fish-like 
aromas. Some studies have revealed the mechanisms of formation of those volatile flavors 
derived both enzymatically and nonenzymatically from polyunsaturated fatty acids 
(PUFAs) (Josephson and Lindsay, 1986; Ho and Chen, 1994). Among such volatile flavors, 
aldehydes are the most significant compounds. Josephson and Lindsay (1986) stated that 
the mixture o f 2,4,7-decatrienal, 2,4-decadienal, and 2,4-heptadienal together elicited 
unmistakable, oxidized fish-oil aroma. These compounds can be autoxidatively-derived 
from CD-3 and CD-6 PUFAs, such as 5,8,11,14,17-eicosapentaenoic acid (EPA, 20C:5G)3), 
4,7,10,13,16,19-docosahexaenoic acid (DHA, 22C:6CD3), arachidonic acid (20C:4G)6), etc.
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Hexanal is another very important compound because it seemingly is an ubiquitous 
component of seafood, both fresh and stored, as well as occurring in substantially greater 
abundance in lipid-derived flavors. Therefore, Shahidi and Pegg (1994) suggested hexanal 
might serve as an indicator o f flavor deterioration of meat products. Hexanal also was 
reported to be primarily responsible for off-flavors in alligator meat (Cadwallader et al., 
1994; Baek and Cadwallader, 1997). Unlike hexanal derived from G)-6 PUFAs, other C6 
aldehydes such as (Z)-3-hexenal and (E)-2-hexenal are derived from G)-3 PUFAs. 
However, all of these compounds contribute coarse, green-plant-like, and green-grass-like 
flavors (Hoffmann, 1961a).
In comparison of the C6 aldehydes, C9 compounds such as (Z,Z)-3,6-nonadienal, 
(E,Z)-2,6-nonadienal, and 2-nonenal occur mainly in freshwater species and give fresh, 
green cucumber, melon-like notes. 3,6-Nonadienal arises from autoxidative and/or 
enzymatic oxidation of G)-3 PUFAs. After isomerization of (ZyZ)-3,6-nonadienal to (E,Z)-
2,6-nonadienal, spontaneous retro-aldol condensation of (E,Z)-2,6-nonadienal converts it 
to (Z)-4-heptenal and ethanal (Josephson et al., 1987). (Z)-4-Heptenal was described as 
having a boiled potato, cod-like, plant-like and seaweed-like aroma with a threshold of 0.04 
ppb. 2,4-Decadienal is always associated with hexanal because both have the same type 
of precursors from CO-6 PUFAs, i.e., they are the primary oxidation products of linoleic 
acid (18C:2(06). However, due to the much lower odor threshold of 2,4-decadienal 
(0.07ppb) compared to hexanal (4.5ppb), 2,4-decadienal is considered to be a more 
important odorant. This is recognized as one o f the most notable flavor contributors to 
chicken (Noleau et al., 1986) and deep-fat fried foods. 2,4-Decadienal can further be
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thermally degraded to hexanal, 2-heptanone, heptanal, benzaldehyde, 2-pentylfuran, 2- 
octenal, 2-nonenal, etc. (Josephson and Lindsay, 1987; Yu et al., 1994). In addition, 2,4- 
decadienal with 2,4-heptadienal, which is degraded from linolenic acid, play a decisive role 
in causing the reversion flavor of soybean oil (Hoffmann, 1961b). Nevertheless, all o f the 
above mentioned conjugated aldehydes are viewed as principal character-impact 
compounds for seafood.
Both CO-3 and (0-6 PUFAs are important precursors of the eight-carbon volatile 
alcohols and ketones that have been found to occur in all species o f fish, Crustacea and 
shellfish, where they contribute distinct plant-like, metallic-like aromas. Autoxidation of 
EPA can produce (E,Z)-3,5-octadien-2-one, l,5-octadien-3-one, and l,5-octadien-3-ol, 
which provide very heavy green and geranium leaf aroma qualities to seafood and fish 
(Josephson and Lindsay, 1987; Lindsay, 1990). However, their aroma contribution to 
seafoods should be dissimilar since l,5-octadien-3-one has a much lower threshold of 
0.00lppb than l,5-octadien-3-ol, which is about lOppb. Arachidonic acid and linoleic acid 
also were found to be precursors of strong mushroom-like flavor compounds: l-octen-3- 
one and l-octen-3-ol (Chen et al., 1986; Ho and Chen, 1994). Ho and his colleagues 
reported that l-octen-3-ol was the most abundant C8-compound and contributed 
significantly to the “mushroom” characteristic flavor. This chemical also was reported to 
be present in high concentrations in pork (Mottram, 1985) and crab (Chung, 1994). 
Similarly, l-octen-3-one, as the corresponding ketone of l-octen-3-ol, has a much lower 
odor threshold of 0.005ppb than that of l-octen-3-ol o f lOppb. l-Octen-3-one also was 
found to be a flavor-active compound in alligator meat (Cadwallader et al., 1994).
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Although the threshold of l-penten-3-ol is high, about 400ppb compared with 1- 
octen-3-ol, l,5-octadien-3-ol and some others, Kawai (1996) reported that only l-penten-3- 
ol had been detected as a characteristic component in fresh sardine.
In addition to the groups of aldehydes and alcohols, methyl ketones constitute 
another very important group of flavor compounds that are responsible for the characteristic 
flavor of blue-type cheese. The most important are 2-pentanone, 2-heptanone, 2-nonanone, 
and 2-undecanone, which are derived from partial oxidation of the fatty acids released by 
the lipase-catalyzed hydrolysis of triacyl glycerides. Most methyl ketones have a fruity to 
spicy aroma with an aroma threshold value in the ppm range (e.g., 2-pentanone, 0.5ppm;
2-heptanone, 0.7ppm).
Alcohols and ketones generally have relatively higher odor thresholds than 
aldehydes, therefore, they are not considered as important key flavor contributors to 
seafood. Meanwhile, Josephson and Lindsay (1986) concluded that C8-alcohols in seafood 
appeared to occur in greater abundance than the corresponding ketones, while C9 volatile 
aldehydes were in greater abundance than the C9 alcohols. A similar result was found for 
hexanal, which occurs in substantially greater abundance than 1-hexanol in fish. To 
facilitate understanding of the role of lipid oxidation in the contribution of seafood flavors, 
Table I summaries some selected volatile compounds derived from oxidation of long-chain 
polyunsaturated fatty acids corresponding to the flavor descriptions.
Trimethylamine (TMA) and dimethylamine (DMA) reduced from trimethylamine 
oxide (TMAO) by microbial endogenous enzymes, are commonly associated with quality 
o f crabs (Chen, 1995) and other seafoods (Lindsay, 1991). Josephson and Lindsay (1986)
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reported that this reaction was readily produced even under sub-freezing conditions in 
marine fish. Although this reaction can ultimately lead to stale and fish house-type notes, 
freshly harvested fish contains little of such compounds.
Table 1: Some Common Volatile Flavors in Fish
Compounds Flavor Descriptions Threshold (ppb)
hexanal heavy, green, aldehyde-like 4.5
3-hexenal green, leafy -------
l-octen-3-ol raw mushroom 10
l-octen-3-one cooked mushroom 0.090
l,5-octadien-3-oI earthy, green, mushroom 10
1,5-octadien-3-one crushed geranium leaves 0.001
2,6-nonadienal cucumber-like 0.010
2,6-nonadienol cucumber, melon-like 10
During seafood thermal processing, lipid-mediated Maillard reactions, similar to 
those in meats, have resulted in many heterocyclic compounds, the majority of which 
contains one or more atoms of nitrogen and sulfur. Interest in such studies in interaction 
of the Maillard reaction and lipid degradation has resulted in an excellent review article by 
Whitfield(1992). Besides green, grassy, plant-like aromas found in fresh fish by 
combination of six, eight, nine-carbon carbonyl and alcohol compounds, some studies have 
shown that in both fresh and saline lakes and ponds as well as in the ocean, food chain 
processes can be responsible for significant changes o f flavors in fish, shellfish, and 
crustaceans. The principal classification of those accumulated chemicals are the
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bromophenols discovered by Whitfield et al. (1988,1992), Anthoni et al. (1990) and Boyle 
et al. (1992a,b) in prawns, shrimp, salmon, squid, blue crab, clam, and oyster. These 
compounds will be discussed in more detail in the following section (2.6.1) on lobster and 
prawn flavors.
Some freshwater and saltwater fish have unacceptable ofif-flavors caused by 
accumulation of those in water. Geosmin, 2-methyl-isobomeol (MIB) and certain 
alkoxypyrazines have been identified in catfish (Lovell and Sackey, 1973; Maga, 1987; 
Johnsen and Lloyd, 1992; Mills et al., 1993; Conte et al., 1996), and clam (Tanchotikul and 
Hsieh, 1990, 1991a; Andrews and Grodner, 1995).
Other important flavors in seafood possibly arise from the particular processing 
methods used. Sakakibara et al. (1990) observed that phenols, including cresols and phenol, 
were the major flavor compounds accounting for about 50% of total flavors in smoked 
fishes. Though the reason was not given, it is generally considered that such phenols are 
associated with lignin degradation during the smoking process (Wittkowski, 1992). 
2.6.1: Lobster and Prawn Flavor
The flavor of crustacean such as prawns and lobsters is heavily dependent on the 
environment in which they live. That is to say, they can accumulate/concentrate the 
odorous aromas present in seawater (Whitfield et al., 1988,1995,1997; Boyle and Lindsay, 
1992a,b; Boyle, et al., 1993). Whitfield et al. (1988) reported that some naturally occurring 
volatile bromophenols (BPs), such as 2,4,6-tribromophenol, 2,4-dibromophenol, 2,6- 
dibromophenol, 2- and 4-bromophenol, were the cause of an iodoform-like or iodine-like 
off-flavor in certain species of prawns. Among those BPs, 2,6-dibromophenol had the
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highest intensity and lowest threshold at 0.5ppm. Boyle et al. (1992a,b) confirmed the 
existence of these BPs not only in prawns, but also in salmon, squid, blue crab, clam and 
oyster. However, it was found that most of the bromophenols showed chemical, iodine-, 
or phenol-like objectionable odors in water, but exhibited desirable marine, sea-like flavor 
characteristics when mixed into shrimp, prawn, and fish. The authors suggested this might 
be attributed to the increased thresholds, that is about 100 times for the same aromas. 
Nevertheless, BPs are considered to be among the major chemicals that differentiate 
marine fish from freshwater species. As yet there are no reports of the existence of BPs in 
freshwater species. Boyle et al. (1993) further reviewed information regarding distribution, 
formation, toxicology, and general physical, chemical and sensory properties of these 
compounds.
After an extensive analysis of marine algae and marine organisms by Whitfield et 
al. (1988, 1992), most researchers recognize that bromoperoxidases in these algae and 
organisms facilitate bromination of phenol to form bromophenols, which finally enter 
marine fishes via the food chain. In fact, it is not surprising that brominated metabolites 
would likely predominate even though iodide substitution is more favorable for the reaction 
since the concentration of bromide ion exceeds iodide ions in seawater by 2000 times 
(Boyle et al., 1993). Although it is still unclear whether the compounds are secreted by 
algae as the free bromophenol form, or are subsequently hydrolyzed in seawater, this is 
beyond the scope of the present research and is not a problem in crawfish flavor analysis. 
The interesting aspect relative to these marine foods is that several BPs have been classified 
by the Environmental Protection Agency (EPA) as priority pollutants (Boyle et al., 1993),
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possibly because halogenated compounds exhibit greater biological toxicity than 
nonhalogenated counterparts, although this biologically-mediated halogenation (i.e., 
bromination) is wide spread in the marine biota. Table 2 shows the toxic properties of BPs 
(Boyle et al., 1993).
Table 2: Summary of Reported Toxicities for Brominated Phenols. All Concentrations 
Listed are mg/Kg
Bromophenol Route applied Test animal Toxicity (LDS0)
2- Oral mouse 652
2- SC rat 1500
4- Oral mouse 523
2,4-di Oral mouse 282
2,6-di Oral mouse not reported
2,4,6-tri Oral rat 200
"rom Boyle, et al., 1993.
Although bromophenols (BPs) have been identified as irritants to skin and eyes, and 
are toxic if  ingested, the range of concentrations reported to be toxic in rodent LDJ0 tests 
for BPs administered orally are approximately 2000 to 5000 times greater than the highest 
concentrations found in Australian crustaceans (Whitfield et al., 1988). Also, toxicity 
levels of BPs to human beings are estimated to require consumption of 8-600 million 
prawns to receive a lethal dose. Thus, it is unlikely that either natural occurrence or 
incorporation of these volatile BPs into food would initiate toxicological concerns.
In addition to bromophenols, other novel flavors found in some species o f  prawns, 
and described as garlic-like, were identified by GC/MS/O as bis-(methylthio)-methane and
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trimethylarsine (Whitfield, 1990). Bis-(methylthio)-methane and trimethylarsine have a 
flavor threshold in water of 0.3ppb and 0.002ppb, respectively. Some evidence supports the 
suggestion that these two aromas, synthesized through the pathway by methanethiol and 
formaldehyde, are initiated by microbial activity.
Compared with prawn and other seafoods, flavor information on lobster is very 
limited. Cadwallader et al. (1995) studied the aroma of lobster tail meat using aroma 
extract dilution analysis (AEDA) and indicated that the most intense odorant was 2-acetyl-
1-pyrroline (2-AP) having a nutty, popcom-like odor, followed by 2,3-butanedione 
(Creamy, buttery), 3-(methylthio)-propanal (potato-like, soy sauce-like), 2-acetyl-3- 
methylpyrazine (burnt, popcom-like), TMA (fishy), l-octen-3-one (earthy, mushroom), and 
4-Z-heptenal (rancid, boiled potato-like).
2.6.2: Shrimp Flavor
In a survey of the U.S preferences for fish and seafood, Kinnucan et al. (1993) 
reported that shrimp is one of seven major species for consumer preference due to its 
strong, characteristic and favorable aroma when cooked.
Choi et al. (1983) compared the flavor profile differences between raw shrimp and 
its fermented product. They found that the characteristic nutty and dried shrimp-like aroma 
of fermented shrimp was linked to an increased amount o f alkylpyrazines and sulfur 
compounds, such as pyrazine, dimethylpyrazines, 2,3,5-trimethylpyrzine, 
ethylmethylpyrazines, acetylthiazole, dimethyldisulfide, dimethyltrisulfide, 3,5-dimethyl- 
1,2,4-trithiolane, etc. These compounds were believed to be associated with an increase 
of water soluble nitrogen- and sulfur-precursors after fermentation. Meanwhile, the authors
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attributed the rancid shrimp odor of raw shrimp to thialdine and thiolane, which bear a 
roasted beef-like and onion-like odor, respectively. Kubota et al. (1986) further identified 
77 volatile compounds from shrimp in which alkylpyrazines, ketones and some sulfur- 
containing compounds were found to be the major groups. Their new identifications, in 
addition to those found by Choi (1983), were supplemented by dimethylethylpyrazines, 
dimethylpropylpyrazines, methylketones, N,N-dimethylformamide, 3,5-octadien-2-one and 
3-methylthiopropanol (strong sulfuryl, onion-like aroma) (Mclver et al., 1982). These new 
findings were in an agreement with the flavor classifications in shrimp mentioned above. 
In addition, Kubota et al. (1988, 1989) indicated the importance of another novel seafood­
like aroma, 5,8,1 l-tetradecatrien-2-one, which also was found in cooked small shrimp by 
Choi (1983) and Kuo and Pan (1991). Further detailed studies of 8 isomers o f  this chemical 
revealed that (5Z,8Z,1 lZ)-and (5E,8Z,11Z)-5,8,1 l-tetradecatrien-2-one had the strongest 
shrimp, crab, sea-like flavors, while others tended to impart a fruity, cucumber-like and oily 
flavors. Another interesting aspect of these compounds is that, although their structure is 
similar to the partial structure of a natural unsaturated fatty acid, they do not exist in the 
lipid extract but occur in the defatted residue heated above 80 °C. Kubota et al. (1989) 
therefore assumed that formation of these methylketones might depend on the protein 
fractions other than the PUFAs as hypothesized previously. Comparative research work 
also was performed on the flavor profile between salt-fermented fish and shrimp pastes 
(Cha and Cadwallader, 1995). They found that nitrogen-containing compounds comprised 
the major fraction in 111 positively identified volatiles, while aldehydes, ketones, alcohols, 
and esters dominated the flavor of fermented anchovy and herring. However, one
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
unexpected result in the shrimp flavor study was that the dominant flavors were the 2- and
3-methylbutenal, plus relatively lower amounts of 2-hexenal, 2-butenal and benzaldehyde, 
which were the only identified lipid-derived aldehydes rather than hexanal and other 
dienals. They attributed this phenomenon to the difference in lipid content o f  shrimp and 
fishes (Chanmugam et al., 1983). Some aromatic/phenolic compounds, such as toluene, 
phenol, and naphthalene, were detected in high amounts. In addition, dibromophenols 
(DBPs) were detected as off-flavors in shrimps (Anthoni et al., 1990).
Utilization o f shrimp waste also was studied. After extraction o f flavor-active 
compounds, including fatty acid esters, long-chain alcohols, aldehydes and heterocyclic 
compounds from shrimp processing waste, Mandeville et al. (1992) suggested converting 
shrimp waste into a useful flavor stock and incorporating this into desirable seafood 
products to reduce the pollution problem and at the same time to increase profits for the 
processors. Such an idea also was proposed by Lin and Chiang (1993) who reported 70% 
of flavor compounds could be recovered using reverse osmosis membrane.
Inspite of many studies on the flavor of shrimp and prawn, it is still difficult to 
duplicate the flavor o f these seafoods by reconstitution from volatile compounds. This 
suggests that some part of the volatiles, or flavor enhancers, are still unknown.
2.6.3: Crab Flavor
Crab is considered by consumers to be one of the most delicious seafoods and has 
initiated extensive studies by many investigators (Konosu et al., 1978; Hsieh et al., 1989; 
Flament, 1990; Matiella and Hsieh, 1990; Hayashi et al., 1981, 1990; Cha et al., 1993; 
Chung et al., 1994,1995).
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Matiella and Hsieh (1990) analyzed crabmeat volatile compounds using dynamic 
headspace sampling (DHS) method and found that, unlike the flavor pattern in shrimp, but 
nearer to that of fishes, aldehydes, ketones, alcohols and aromatic compounds were the 
major portion of aroma compounds. 3-Methylbutanal, reported to have green, fruity, nutty, 
cheesy, or sweety odors (Vejaphan et al., 1988), was the most abundant o f its class. Methyl 
ketones, found more abundantly in boiled crabmeat than in pasteurized crabmeat, 
confirmed the hypothesis of Kubota et al. (1989) that a temperature higher than 80 °C was 
needed for formation of methylketones.
In addition, more than 20 benzene derivatives, plus 1,4-dichlorobenzene, also were 
detected in crab samples by Matiella and Hsieh (1990). However, the suggestion that these 
compounds were analytical procedural artifacts was excluded by the authors. Limonene, 
generally synthesized in plants with an agreeable fresh, light sweet citrus aroma, also has 
been identified. This compound also was reported in shrimp (Kubota, et al., 1986), crab 
(Matiella and Hsieh, 1990), fish (Sakakibara et al., 1990), and crawfish (Vejaphan et al.,
1988).
Only one N-containing and two S-containing heterocyclic compounds, pyrrol, 
dimethyldisulfide and 2-methylthiophene, were identified in crabmeat by Matiella and 
Hsieh (1990). 2-methylthiophene was reported as having an onion or gasoline-like odor, 
which also was found in crawfish tailmeat (Vajaphan et al., 1988).
However, Hayashi et al. (1990) stated, in their review, that crab flavor showed 
subtle differences from that of lobster, prawn or shrimp, which are taxonomically close 
relatives. They identified 2-acetylpyrrol, indole, and alkylpyrazines, followed by
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benzaldehyde and 2-acetylpyrazine, as the most dominant compounds in cooked king crab. 
These compounds appeared to be important contributors to crab flavor, although the 
researchers could not clarify a relationship between changes in amino acids and the 
characteristic crab flavors. Chung et al. (1993,1994, 1995) concluded, based on long term 
studies, that crab meat was characterized by strong meaty/salty/soy sauce, 
metallic/rubber/gasoline, nutty/popcom, creamy/sour flavors due to the existence of low 
threshold aromas represented by 3-(methythio)-propanal (0.02ppb), l-octen-3- 
one(0.005ppb), l-octa-cis-5-dien-3-one(0.001ppb), 2-acetyl-pyrroline (2-AP), and 2,3- 
butanedione. By using the simultaneous distillation and solvent extraction (SDE) method, 
Chung et al. (1993) also found many new flavor compounds in crabmeat. For example, 
lipid oxidative products, such as (E)-2-hexenal, (Z)-4-heptenal, nonanal, 2,4-hepta- and 2,4- 
decadienal, were detected. New identifications also were extended to 2,3-butanedione, 2,3- 
pentanedione, (E)-3-penten-2-one, 3-hydroxy-2-butanone, 2-cyclohexen-l-one, and some 
methylketones. Chung et al. (1994) also confirmed that a combination of 1,2,4- 
trimethylbenzene and 1,2,4,5-tetramethylbenzene produced a naphthalene-like note that 
could be differentiated from their individual characteristic aroma notes o f a slight green 
aroma and slight floral aroma, respectively. Although there were no new identifications 
o f nitrogen-containing compounds, always a focus point in thermally processed foods, 
benzothiazole and 3-thiophenecarboxaldehyde were newly identified. Benzothiazole was 
described as a rubber-like aroma. In addition, limonene, a-terpineol, menthol, and linalool 
also were reported as an important unique and desirable aroma group. However, because 
of their lower amounts, this terpenic flavor group was not considered to be significant in
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its contribution to the flavor of crab. On the contrary, trimethylamine was found in 
extremely high amounts compared with other flavors in crabmeat samples. This finding 
was consistent with that of canned crabmeat after a period of storage (Chen, 1995, 
unpublished data). Indole, usually described as a desirable naphthalene-like aroma, was 
detected not only in crab, but also appeared in several different kinds of seafoods, such as 
crawfish, shrimp, tuna, sardine and freshwater fishes. 2-acetyl-1-pyrroline (2-AP) and 
pyrrolidine, later, also were found to be new flavor compounds in crabmeat (Chung, 1995).
2-AP, which is commonly associated with a popcorn, nutty aroma of scented rice 
(Tanchotikul and Hsieh, 1991b), was found to have the highest flavor dilution (FD) factor 
in crabmeat extract, which established its important position in general flavor of crabmeat. 
Pyrrolidine, with an alkaline, raw egg-like, cereal aroma (Tressl et al., 1985), was found 
in larger amounts in fishes (Kawai, 1996), but was not considered to be an important flavor 
in crabmeat (Chung, 1995). However, pyrrolidine is often highlighted with another 
structurally similar compound, piperidine, both of which are biologically synthesized by 
cyclization of 1,5-diaminopentane and 1,4-diaminobutane, respectively. Piperidine which 
was reported to contribute a bitter taste to roasted malt or coffee (Oh et al., 1992) and was 
responsible for the earthy odor of fresh carp and salmon, is the precursor of many N- 
substituted piperidine derivatives that have a fish odor, and are able to react with aldehydes 
and alcohols (Kawai, 1996).
In general, because of the large discrepancy in crabmeat flavor analysis among the 
various research groups, low concentrations o f flavors and type, as well as the conditions 
of the extraction procedures, may be the major influencing factors.
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2.6.4: Crawfish Flavor
Hsieh and his colleagues (Vejaphan et al., 1988) identified 70 volatile compounds 
in boiled crawfish tailmeat, which generally gave green, grassy, woody, buttery, metallic, 
nutty, sulfur-like aroma characteristics. In light of the research of Omara-Alwala et al. 
(1985) that crawfish head contains a high proportion of CO-3 (18:3, 20:5, 22:5,22:6) and 
CO-6 fatty acids (18:2,20:3) that are susceptible to lipid oxidation, it is not surprising that 
crawfish and/or its processing waste can have considerable lipid oxidation aromas. For 
example, (E,Z)-2,6-nonadienal, a product of lipid degradation, imparting a cucumber aroma 
in foods, has been detected in crawfish, but not in crab and shrimp (Tanchotikul and Hsieh,
1989). 3,5-Octadien-2-one, also found in fish (Karahadian and Lindsay, 1989) and in 
shrimp (Kubota et al., 1986), was considered one of the most important flavor compounds 
in crawfish along with 2,3-butanedione due to their high amounts and pleasant flavor. 
Benzaldehyde, an ubiquitous aroma in seafoods (Vejaphan et al., 1988; Cha et al., 1995), 
was generally considered to be an important flavor component in crawfish because of its 
pleasant almond, nutty/fruity aroma and its high concentrations (Tanchotikul et al., 1989). 
However, these lipid oxidation products were influenced by temperature in processing and 
extraction methods. According to Cha et al. (1992), high temperature (100°C) was 
beneficial for production o f more heterocyclic flavor compounds such as pyrazines in 
crawfish flavor extracts but suppressed the amounts of aldehydes, ketones and alcohols. 
In contrast, low temperature (85 °C) had an opposite effect. This result is consistent with 
that from many previous studies of the Maillard reaction, which concluded that heterocyclic 
flavor compounds such as pyrazines increased as temperature increased (Koehler and Odell,
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1970; Reineccius et al., 1972). Twenty six nitrogen-containing compounds, including 15 
pyrazines and 6 pyridines, were found in crawfish waste by Cha et al. (1992). In particular, 
comparing amounts produced at higher temperature with that formed in low temperature, 
it was observed that 2-ethyl-6-methylpyrazine increased by 11.5 times, 3,5-diethyl-2- 
methylpyrazine by 10 times, 2,5-dimethylpyrazine by 5.3 times and ethylpyrazine by 6.7 
times. Baek (1994) obtained similar results that the amount of pyrazines increased in the 
range of 60.1 times for methylpyrazine to 5.1 times for 2-ethyl-5-methylpyrazine after 
enzymatic hydrolysis of crawfish waste. This suggests that variation in the amount of 
pyrazines depends on the temperature o f processing and extraction, as well as on the type 
o f pyrazines and conditions o f material, e.g., hydrolysate. However, few S-containing 
compounds were identified and the degree of their importance are still questionable. 3,5- 
Dimethyl-l,2,4-trithiolane, imparting onion-like odor, was found both in crawfish waste 
and shrimp paste (Cha et al., 1992,1995), but its existence could not be confirmed by other 
researchers. 2-Acetylthiazole also was found in both crawfish and shrimp. Both of these S- 
containing compounds can be produced by reaction of aldehydes and hydrogen sulphide 
(Ho and Carlin, 1989). Williams (1988) reported 3-methyl-thiopropanal (methional), 
identified in boiled crawfish hepatopancreas, as a key aroma compound of crawfish. This 
compound has been reported to be derived from Strecker degradation of methionine 
(Ballance, 1961).
In addition to the aforementioned compounds, some flavors should be given further 
attention. Benzene, phenol, naphthalene and their derivatives, existing in all kinds of 
seafoods, are usually considered as unpleasant, negative flavor contributors to food. Hsieh
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et al. (1989) reported that alkylbenzenes and naphthalene in high amounts in crawfish 
might be from environmental pollutants since crawfish are food chain scavengers. Their 
hypothesis was supported by the evidence of rapid uptake of naphthalene in marine fish 
(Lee et al., 1972) and aromatic hydrocarbons accumulated in fish to a greater extent and 
retained longer than alkanes (Neff et al., 1976). Ogata and Miyake (1980) indicated that 
alkylbenzenes and alkylnaphthalenes were components of crude petroleum products and 
could be used as chemical markers of oil pollution in fish and shellfish. However, 
carotenoids, the pigments in crawfish, shrimp, salmon, etc., were thought to be the 
precursors of toluene, xylene, P-ionone and benzene derivatives. Thus, the source of these 
compounds remains in question. Similar argument also exists in prawn, in which 
bromophenols were considered to be from the food chain, but dichlorobenzenes were 
suggested as degradation products of various pesticides (Vejaphan et al., 1988).
Some compounds such as limonene, linalool, a-terpineol, phenol, indole, P-ionone 
and dimethyl disulfide have been shown to possess contradictive characteristics in nature. 
On the one hand, these compounds give negative images such that limonene is an attractant 
of fruitflies, phenol and indole for screw worms and dimethyl disulfide for mosquitoes, 
which are the vectors of diseases (Mookheqee et al., 1993); On the other hand, these 
compounds, which are the major volatiles in tea, were reported as beneficial chemicals 
having antimicrobial activities (Kubo, 1993; Kubo et al., 1993). In addition to laboratory 
investigations, industrial application o f developing crawfish flavoring compositions also 
was patented (Cirello, 1993) using hydrolysis of ground fish meat, though the characteristic 
flavors of crawfish still have not been identified.
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The above investigations have shown that the volatiles of crawfish are highly 
complex. Therefore, identification and quantitative analysis o f all constituents in crawfish 
possibly are not essential for evaluation of flavor qualities nor for the reproduction of an 
acceptable flavor profile, as is true for all other flavor analysis. However, to understand 
such complexity o f analytical data and correlate this to human taste, it is necessary to adopt 
many different approaches that incorporate chemistry, biochemistry, physiology and 
mathematics.
2.7: Formation o f Some Important Volatile Flavor Groups 
2.7.1: Maillard Reaction
Unquestionably it was a great development for earlier generations to understand that 
thermal processing of food enhanced food palatability and/or color. However, it was not 
until 1912 that French chemist L.C. Maillard performed his milestone research using 
glucose and glycine that revealed the nature of the non-enzymatic browning reaction. Since 
then, numerous aromas have been found to be generated through the Maillard reaction.
Another great contributor to this field was J.E. Hodge, who summarized this 
reaction in 1953 (Hodge, 1953). Thereafter, several books focusing on the Maillard 
reaction have covered nearly all aspects of the recent development in this area. They are 
«The Maillard Reaction in Foods and Nutrition, ACS symposium series 215» (1983), 
«Thermal Generation of Aromas, ACS symposium series 409» (1989), ((Flavor Precursors: 
Thermal and Enzymatic Coversion, ACS symposium 490 » (1992).
However, a  brief introduction is still useful here. In the thermal process, 
heterocyclic compounds are mainly formed either by reaction o f ammonia or the amino
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group from amino acids, or peptides with various carbonyl compounds from sugar 
decomposition via Amadori or Heyns rearrangements, or from the pathway of Strecker 
degradation. Shibamoto and Bernhard (1977) investigated pyrazine formation pathways 
using an ammonia-sugar model that comprised ammonium hydroxide and glucose, 
mannose, galactose, fructose, rhamnose, xylose, arabinose, glyceraldehyde, sorbitol and 
glycerol, respectively, while other studies widened the possibilities o f nitrogen source on 
pyrazine formation and/or new pathways for pyrazines (Wong and Bernhard, 1988; Rizzi, 
1972; Shibamoto et al., 1979). Maga (1981a,b, 1992) further summarized pyrrols, 
pyridines and pyrazines in foods in his reviews, respectively. The properties of S- 
heterocyclic compounds such as thiazoles also were reviewed (Pittet and Hruza; 1974). 
Because of the importance of meat flavors and their close relationships to the Maillard 
reaction, the model of sugar-hydrogen sulfide-ammonia or carbonyl- 
cysteme/cystme/methionine also were studied (Shibamoto and Russell, 1977; Werkhoff et 
al., 1990). In an excellent review on meat-favor volatiles, Shahidi et al. (1986) listed the 
qualitative differences in the nature of various classes of volatile compounds, including 
pyrazines, pyrrols, etc., among the different species. Although the reactions of
reducing sugars and amino acids are the main type of Maillard reaction, lipids also play an 
important role in formation of heterocyclic compounds (Hwang et al., 1986; Farmer and 
Mottram, 1990; Whitfield, 1992). Ho et al. (1989) studied a model system including 2,4- 
decadienal or hexanal with Maillard reaction intermediates/amino acids to form 
heterocyclic compounds. This experiment led to many new identifications comprising 
furans, thiophenes, thiazoles, cyclic polysulfides, pyridines and pyrazines, which were
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represented by 2-butylfuran, 2-pentylfiiran, 2-pentylthiophene, 2-acetylthiazole, 3,5- 
dimethyl- 1,2,4-trithioIane, 2-pentylpyridine, 2,5-dimethyl-3-pentylpyrzine and other long- 
chain alkylsubstituted heterocyclic compounds. Alkylpyrazines especially are important 
since they appear in a large number of cooked, roasted, toasted and deep-fat fried foods, 
which generally have a roasted nut-like flavor with low odor thresholds. For example, 2- 
ethyl-3,5-dimethylpyrazine and 2-ethyl-3,6-dimethylpyrazine have aroma thresholds of 
lppb and 0.4ppb, respectively. Both exhibit roasted aromas and were considered important 
to potato chips aroma (Buttery, 1971).
Besides volatile lipid degradation products and carbonyls from sugar 
decomposition, other non-volatile precursors for the Maillard reaction include nucleic acid, 
nucleotides, peptides, amino acids, sugars, sugar amines, glycogen, and amines, etc. 
Among these, glucose, fructose, ribose and ribose-5-phosphate readily decompose during 
heating at 100°C for 1 hour.
Chemically, it was interesting that peptides produced relatively more pyrazines than 
did respective amino acid mixtures (Rizzi, 1989; Zhang et al., 1992). These investigators 
reported that peptides Ala-Leu-Gly, Gly-Leu-Ala, Gly-Leu, Gly-Val, in the reaction with 
fructose, produced more alkylpyrazines than did mixtures o f individual amino acids. Ho 
et al. (1992) obtained similar results from the reaction of glycine, diglycine, triglycine and 
tetraglycine with glucose. Comparative studies also were performed by Oh et al. (1992), 
from which they found that pyrrolidines, pyrrolizines, pyrazines, pyridines, furans and 
pyrrols were generated at 180°C in larger amounts in Pro-Gly and Gly-Pro model systems 
than those from a mixture of glycine and proline model system, when reacted with glucose.
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However, in some instances, temperature, pH, heating time, water content, and 
other factors also may be as important as the reaction precursors (Benzing-Purdie et al., 
1985; Einarsson, 1987; Shaw and Ho, 1989), since many thermal processes occur under 
mild conditions o f less than 100°C, for a short time, and in different pH and water content 
ranges, e.g., boiling crawfish in water for less than 10 min. Leahy and Reineccius (1989) 
found that rates of pyrazine formation and the number of types o f alkylpyrazines increased
when pH and temperature increased. Also, they reported effective water activity (aw ) for
the Maillard reaction was in a range of 0.32 to 0.85. Comparative study of pH effects on 
the Maillard reaction between the range of pH 5 to pH 9 revealed that a higher pH value 
was favored for the formation o f pyrazines, which can be explained by the nucleophilic 
attack of the amino acid on a carbonyl (Spark, 1969; Koehler and Odell, 1970). This 
elucidation was successfully confirmed and applied in the enzymatic biogeneration of 
crawfish flavor (Baek, 1994) and flavors from xylose-lysine model system (Apriyantono 
and Ames, 1993). Phosphate in the buffer solution affecting the Maillard reaction may be 
described as a catalyst, which acts as a base, abstracting a proton during the Amadori 
rearrangement, resulting in an increase in the rate of conversion of the starting material 
(Potman and Wijk, 1989). A similar mechanism might be extended to asparagine, which 
had higher yield of pyrazine than aspartic acid, since asparagine can not only act as a 
reactant with two amino groups, but also can serve as a catalyst at a higher pH value.
Another factor influencing flavor formation involves salt formation between amines 
and acids that prevents their isolation by solvent extraction or steam distillation at neutral
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pH. Water, oil and fat, or their mixture usually are applied as reaction media in food 
processing or flavor model systems. The effect of fat content also is significant Okumura 
(1990,1991a,b) reported that different solvent systems such as water, glycerol, triglyceride, 
and the same solvent compositions with different ratios, had large effects on the profile of 
volatiles. The reason is that the lower homologues mainly are present in the non-volatile 
ionic form in the aqueous phase, whereas, the higher homologues are largely present in 
neutral form in the fat phase, in which they are less volatile than the lower homologues. 
2.7.2: Specific Precursors and Flavor Enhancers
Thiamine, or vitamin B„ comprised of a thiazole ring and free amino group, can be 
thermally degraded and/or take part in the Maillard reaction to produce thiazole and 
thiophene derivatives (Dwivedi and Arnold, 1972,1973; Ames et al., 1992; Guntert et al., 
1992). In the reaction of xylose with thiamine (Hincelin et al., 1992), many sulphurous, 
thiophene-Iike, onion-like aromas were detected, which included 4-methylthiazole, 3- 
methylthiophene, 4,5-dimethylthiazole (sulphurous, meaty, roasted beef), 1,2,4-trithiolane 
(onions, thiophene-like) and 3,5-dimethyl-1,2,4-trithiolane (boiled onion, thiophene-like), 
etc.
Carotenoids (vitamin A compounds) are another important group of flavor 
precursors in addition to being one o f the most important groups of natural pigments 
(Weeks, 1986). They are found in a wide variety o f foodstuffs such as carrots, tomatoes, 
eggs, and seafoods. P-carotene has been studied extensively because it was considered to 
be the precursor o f many important and strong flavors found in tea, tobacco, tomato, grape 
and mango, e.g., 6-methyl-5-hepten-2-one, xylene, ionene, P-ionone, toluene, naphthalene,
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2,6-dimethylnaphthalene (Onyewu et al., 1982, 1986, 1989; Kanasawud and Crouzet,
1990). Canthaxanthin, used as a colorant, also occurs in eggs, fish, and crustaceans. It can 
be thermally degraded to produce 4-methyl-3-penten-2-one and some naphthalene 
derivatives (Roshdy and Daun, 1990). However, the identification o f these compounds has 
raised a question that has confused flavor chemists for a long time as to whether or not 
these compound should be classified as environmental pollutant and/or markers of 
pollution.
6-methyl-5-hepten-2-one, originally identified in citrus essential oils and used in 
non-alcoholic beverages, ice cream and candy, has a strong, fatty, green, citrus-like odor. 
It seems this compound originates from at least two pathways. Firstly, it was found that 
spores of the fungus Penicilium digitatum carried out the biotransformation o f both 
geraniol and nerol to 6-methyl-5-hepten-2-one; secondly, it also was found among the 
products of hydrolysis of the tomato glycoside. In fact, glycosides have been established 
to be another important precursors of volatiles in fruits (Buttery et al., 1990a). Many of the 
glycosidically-bound volatiles in grape and other fruits have been determined to be the C13 
norisoprenoid and/or ionone-related compounds. These aglycons are mainly geraniol, 
nerol, linalool, a-terpineol and citronellol, which are found in grape (Giinata et al., 1990), 
ginger (Wu, 1990), celery (Tang, 1990) and tomato (Buttery, 1990a,b), etc. They can be 
released by enzymatic and acidic hydrolysis.
Inosine 5'-monophosphate (IMP) and guanosine 5-monophosphate (GMP), similar 
to monosodium glutamate, have been found to possess synergistic flavor enhancer 
properties (Macy et al., 1970). IMP also was found to be an important precursor for many
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novel flavors when reacted with cysteine (Zhang and Ho, 1991; Mottram and Madruga, 
1994).
2.7.3: Model System Flavor Studies
Numerous model systems have been designed to study the Maillard reaction, meat 
flavors, precursors and new novel characteristic flavors (Balts et al., 1987,1989; de Rose, 
1992; Gixntert et al., 1990; Bernhardt and Mohlenkamp, 1979; Nagayoshi et al., 1971). A 
model system exhibits its advantages in that: (1) the reaction mixtures are simpler; (2) large 
amounts of characteristic flavors are generated to make the identification easier; (3) insights 
are obtained into reaction pathways; (4) the reaction can be used to produce novel useful 
flavors (Parliament, 1989).
Cysteine/cystine were studied extensively in model systems because they are 
believed to be the most important precursors forming meat flavors (Shu et al., 1985a,b; 
Shahidi et al., 1986; Farmer et al., 1986; Okumura et al., 1990; Okumura, 1991a,b, 1993; 
Werkhoff et al., 1990).
Comparative attention also has been given to fat, which is used not only for 
transferring heat to cooking foods such as in deep-fat frying but also for imparting flavor 
to foods. However, the flavor contribution of fat usually refers to the degradation products 
o f fatty acids, but not the glycerol, which is the major backbone of glycerides. In fact, 
Maga and Sizer (1973) pointed out that not only can carbonyls react to form pyrazines, but 
also glycerol can similarly react. Shibamoto and Bernhard (1977) found that a glycerol- 
ammonia model at 100° C mainly generated pyrazine and methylpyrazine. However, in the 
study of thermal degradation of P-carotene dissolved in glycerol, there was no evidence
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for chemical involvement of glycerol in the degradation reactions, even at 210°C (Onyewu 
et al., 1982, 1986, 1989). Compared with glycerol, it is unexpected that 1,2,3,4- 
butanetetraol was considered to be the intermediate compound in forming thiophene and 
pyrrol (Shibamoto, 1989). Therefore, it is meaningful to design a flavor model system 
including cysteine and glycerol regardless of either the academic or industrial point of 
view.
2.7.4: Interaction Between Flavors and Food Matrix
The interaction o f volatile aromas within the food matrix is an important area of 
flavor research. Food matrix components including proteins, carbohydrates, lipids and other 
ingredients are capable o f binding, absorbing, entrapping or encapsulating volatile flavors 
(McGorrin, 1996). Tome et al. (1985) studied the reaction of 13C-labeled formaldehyde 
with bovine serum albumin (BSA) at 37°C for 5 days. They found that acid-labile 
formaldehyde was bound to BSA as hydroxymethyl adducts or methylene bridges linking 
lysine to arginine, asparagine, glutamine or histidine and tryptophane in protein.
O’Neill and Kinsella (1987) studied interactions between 2-nonanone and isolated 
soy protein fractions, and concluded that the protein hydrophobic surfaces are responsible 
for the binding of the flavor. Carbohydrate, such as starch and cyclodextrins, are the 
encapsulants for lipophilic volatiles which have been industrialized. The lipids in foods 
also play an important role in balancing the time-intensity release profile o f flavors.
2.8: Flavor Analysis Techniques
The advent o f gas chromatography/mass spectrometry (GC/MS) has made it 
possible to make chemical structural determinations with micro-amounts o f the chemical
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analytes. The analysis of flavor compounds by GC/MS generally requires pre-isolation of 
those flavors from foods or the related matrix. Many effective techniques have been 
developed dealing with isolation of aromas. The most popular methods include solvent 
extraction, steam distillation, simultaneous steam distillation-solvent extraction (SDE), 
dialysis, and dynamic headspace methods (DHS) (Risch and Reineccius, 1989). The 
dynamic headspace method still is one of the most popular analytical methods because it 
most closely approaches the aroma compositions o f foods perceived by the human noses 
(Jambunathan et al., 1993; Breheret et al., 1997). However, this technique is limited by its 
low resolution of flavor, both quantitatively and qualitatively (Girard and Nakai, 1991). 
SDE is now a widely accepted flavor analysis method (Likens and Nickerson, 1964). 
However, its shortcoming is that thermally generated artifacts may change the true flavor 
profile and even mask authentic flavor compounds. Therefore, modified vacuum SDE has 
been introduced to reduce artifact formation.
In the identification of characteristic aromas in flavor research, gas 
chromatography/olfactometry (GC/O) is the most popular technique. This technique uses 
the human nose as a detector of the gas chromatographic elutes. This can be classified into 
four methods including the dilution analysis method, response interval method, time- 
intensity method and the posterior intensity method (Acree and Barnard, 1994; Cliff et al., 
1993; de Silva et al., 1994). Aroma Extraction and Dilution Analysis (AEDA) is among 
the top choice for flavor analysis. Its sensory results are expressed as the index of flavor- 
dilution (FD) value, which is defined as “ the ratio o f the concentration o f a compound in 
the initial extract to its concentration in the most dilute extract in which the odor was still
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detected by GC/O” (Blank et al., 1991). The highest dilution at which a substance is still 
detected by the nose is its flavor dilution factor.
The latest development in flavor analysis is application of electronic “noses” in use 
of arrays of gas sensors, together with an associated pattern recognition technique to 
quantify, differentiate, and identify complex mixtures o f volatile compounds (Aishima, 
1991; Taylor et al., 1997). This technology avoids the traditional tedious flavor analysis 
approach, especially the GC/O sensory method. However, accuracy and analysis o f  large 
mixture of flavors by this new approach have not been reported as yet.
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MATERIALS AND METHODS 
3.1: Materials
In this research, reference to crawfish is the red swamp crayfish (Procambarus 
clarkii). Undersized par-boiled crawfish was obtained directly from a seafood processor 
in Henderson, LA, and transported in minimal time (about 2 hours) to the Department of 
Food Science at Louisiana State University. In transit, crawfish were stored in iceboxes 
covered with ice. To study the effect of storage time on crawfish flavor quality, different 
batches o f crawfish were kept in a refrigerator at 4°C for 48, 36, 24 hours, and labeled as 
A, B, C, respectively, before being processed to separate meat and shell using a meat/shell 
separator (Baader®/693, Nordischer Maschinenbau, Rud. Baader Gmbh+Co. KG.Liibect, 
Germany) in the LSU Muscle Foods Lab. In addition, half o f the boiled crawfish were 
manually handled to remove the head portion. This deheaded intact tail portion was 
processed as tail puree to study possible flavor profile differences between crawfish tail 
(without head) and the whole-animal with head retained. The scheme of the overall process 
for preparation of experimental samples from undersized crawfish is illustrated in Fig. 2.
After the crawfish tail puree (TP) and crawfish whole-animal puree (WP) were 
prepared, they were vacuum-packaged in polyethylene bags (Koch supplies, Inc., Kansas 
City, MO) using a Multivac sealer (Multivac A300/22, Wolfertschwenden, Germany) and 
stored at -20°C until analyzed.
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Standard flavor compounds were purchased from commercial sources, or were 
generous gifts from Aldrich Chemical Co. (Milwaukee, WI). The bacterial alkaline 
protease APL-440 used in this experiment was obtained from Genencor® International Inc. 
(Elkhart, IN)-
3.2: Crawfish Flavor Analysis
Different types o f  crawfish purees, e.g., WP and TP, were extracted under vacuum 
or atmosphere using a modified simultaneous steam distillation and solvent extraction 
(SDE) apparatus. The extraction solvent was redistilled dichloromethane (DCM) 
(Mallinckrodt, HPLC grade). Each flavor profile obtained from the different crawfish 
purees was compared with that from TP as the control.
3.2.1: SDE Flavor Preparation
The standard SDE equipment was purchased from Kontes (Vineland, NJ) and 
modified in a glassware shop at Louisiana State University to reduce air leakage and/or 
vacuum loss. Sample (500g) was placed in a 5L, three necks, round bottom flask, with 
addition of 1000ml distilled water (1:2 [w/v]). Glass beads and 45.4pg of 2,4,6- 
trimethylpyridine (TMP) as an internal standard also were added into the flask before 
extraction, using 70ml dichloromethane as the extraction solvent. The flask was heated in 
a heating mantle controlled by Minitrol (Cat. 104A PL324, Glas-Col, Terre Haute, Indiana) 
for rheostat 2.5 hours. SDE extracts were kept in a -80°C freezer for 24 hours to remove 
ice crystals, then filtered through dried anhydrous sodium sulfate and gently purged by 
nitrogen gas until 100 pi concentrated flavor extract remained. The extracts were labeled 
and stored in an -80°C freezer before GC/MS analysis.
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3.2.2: GC/MS and GC/FID/OIfactometry Analysis
A HP5792A gas chromatograph with HP5970B mass selective detector (Hewlett- 
Packard, Palo Alto, CA) was used for the analysis o f all crawfish flavor extracts. 
Separation o f flavor compounds was performed on Supelcowax 10 columns (60m length 
x 0.25mm i.d. x 0.25pm d f, Supelco, Inc., Bellefonte, PA) (Cadwallader et al., 1994; 
Chung, 1994). Other GC conditions were as follows: 5pi splitless injection (30 second 
valve purge delay), 180°C injector temperature, helium carrier gas at a linear velocity of 
25cm/s, oven programmed from 40°C to 220°C at a ramp rate of 2.5°C/min with initial and 
final hold times of 5 and 30 min, respectively. Mass electron ionization energy was set at 
70eV, mass range at m/z 33-300 a.m.u, electron multiplier voltage at 2000V, scan rate at 
1.60scans~l, ion source temperature at 200°C, and GC/MS interface temperature at 200°C. 
For DCM extracted samples, the MSD was turned off between 8.5 to 11.5 min during the 
120 min MS recording period to avoid the damage of MSD due to the excessive signals 
from solvent. Triplicate analyses were performed on each SDE extract.
Combined with the GC/MS qualitative analysis of the flavor profile, gas 
chromatography/flame ionization detection/olfactometry (GC/FID/O) was used to clarify 
the important flavor contributors. To correlate the peaks detected by FID and the aromas 
eluted from the sniffing port, pre-scanning of flavor profiles o f the samples by GC/MS and 
pre-scannings of standard mixtures of the identified compounds were performed by GC/MS 
and GC/FID/O to avoid misidentification of the aromas. The experimental GC/MS and 
GC/FID/O parameters were maintained similar to that mentioned previously.
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3.23: Compounds Identification
Volatile compounds were identified by matching GC retention indices (RI) (van den 
Dool and Kratz, 1963), mass spectra, and odor properties o f unknowns with those of 
authentic standards analyzed under identical conditions. Tentative identifications were 
based on standards in the Wiley/NBS mass spectral database (Hewlett-Packard, 1988) and 
published data on Eight Peak Index of Mass Spectra (MSDC, Aldermaston, UK, 3rd 
edition, 1983). Concentrations of positively identified compounds were determined using 
MS response factors for each compound relative to the internal standard. Response factors 
were determined by analyzing standard compounds at three levels.
3.2.4: Selected Ion Monitor (SIM)
Bromophenols (BPs) were detected using the SIM-MS method rather than the 
SCAN-MS method for other flavors due to their possible very low concentrations in 
crawfish. The following ions, mass/charge (m/z), were monitored for the following 
bromophenols: 2-BP, M+172; 3-BP, M* 172; 2,4-BP, 252 (M+2)+, 250 (M+); 2,6-BP, 252 
(M +2)", 250 (M +); 2,4,6-BP, 330 (M+2)+, 328 (M+); Other GC/MS conditions were the 
same as those described in section 3.2.1 and 3.2.2.
3.3: Characteristics of Selected Protease APL-440 (E.C. 3.4.21)
Protease APL-440 is a bacterial alkaline protease (E.C.3.4.21) produced by 
controlled fermentation of Bacillus licheniformis (Genencor® International Inc.). It is an 
endopeptidase, capable of hydrolyzing the interior peptide bonds of protein molecules. The 
selection of this protease for hydrolysis o f crawfish tail puree was based on previous 
experiments (Baek, 1994), recognizing its high activity/cost ratio and natural alkaline
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activities. This protease has an effective pH range from 6.0 to 10.0, and temperature range 
up to 70°C. No activators or cofactors are required for complete proteolytic activity. 
3.3.1: Determination of Caseinolytic Activity
Caseinolytic activity of the commercial protease APL-440 was measured using a 
modification of the method of Baek (1994). 2.5 ml aliquot of 2% casein (Sigma Chemical 
Co., St Louis, MO) solution at pH 7 was pipetted into a 10 ml test tube and preincubated 
at 65 °C for 5 min, followed by addition of 0.1 ml o f protease APL-440 solution to the 
casein solution. The mixture reaction continued for 5, 10, 20, 30, 60, 120 seconds, 
respectively, at 65 °C, and was stopped by addition o f 5 ml of 0.3 M trichloroacetic acid 
(TCA) solution to denature the enzyme. The mixture solution was held for 20 min at room 
temperature, and then centrifuged at 1500 rpm for 10 min. One ml of the supernatant was 
then combined with 5 ml of 0.5N NaOH solution and 0.25 ml 2.0N Folin & Ciocalteu’s 
phenol reagent (Sigma Chemical Co.), followed by strong mixing using a vortex mixer. 
The mixed solution was held at 30°C for an additional 10 min and the absorbance 
determined at 646nm using UV/VIS spectrophotometer (Gilford Instrument Laboratories, 
Oberlin, OH). A blank test was performed by adding 5ml of 0.3M TCA solution to 2.5ml 
of 2% casein solution before adding the protease solution. Caseinolytic activity (U/min/ml) 
was defined as the amount of protease needed to liberate the equivalent of 1 pg tyrosine 
produced per min per ml of enzyme solution under the experimental conditions described. 
3.4: Enzymatic Hydrolysis of Crawfish Tail Puree by Protease APL-440
Polyethylene vacuum-sealed frozen crawfish tail puree (500 g) was thawed using 
tap water, then preincubated at 65 °C for 20 min using a Rotovap (Btichi, Switzerland) after
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mixing with distilled water (1000 ml). pH values were adjusted to 8, 8.5,9,10 by addition 
o f 6N NaOH or 6N HCi to prepare 33.3%(W/V) puree suspension. Protease APL-440 was 
then added to the mixture. One ml aliquot of hydrolysate was removed at time intervals of 
5, 10, 20, 30, 40, 50, 60, 90, 120 min, and immediately transferred into a test tube 
containing 2 ml of 0.3M TCA solution. These solutions were kept at room temperature for 
20 min, followed by centrifugation at 1500 rpm for 10 min. Then 25^L of supemant was 
mixed with 0.225 mL distilled water, 1.25 mL 0.5N NaOH solution, and 0.25 mL 1.0N 
Folin & Ciocalteu’s phenol reagent. The resulting solution was mixed vigorously by vortex 
and then incubated at 30°C for 15 min. Absorbance of the mixture was measured at 
646nm. The degree of hydrolysis (DH) of crawfish purees by various processing 
conditions were determined using the method modified by Baek (1994). The degree of 
hydrolysis was defined as follows:
-  Dk
1 0 0
where D0 was the blank, prepared by adding 0.3M TCA solution to the crawfish purees 
before addition of the protease, and D„, was the available maximum amount of 0.3M TCA 
soluble peptides, as tyrosine, by hydrolyzing 0. lg crawfish puree with 4 mL of 6N HCL 
at 110°C for 24 hours. Dt was the corresponding value of hydrolyzed crawfish puree 
determined at the time of t min.
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3.5: Response Surface Methodology for Optimizing the Hydrolysis Conditions
Response surface methodology (RSM) was used to investigate the composite effects 
o f temperature, pH value and relative enzyme/substrate ratio (E/S) on the degree of 
hydrolysis of crawfish tail puree. This method also has been used widely in other studies 
such as processing optimization (King and Zall, 1992), ham yield (Motycka et al., 1984), 
cake texture (Neville and Setser, 1986), sensory evaluation (Henika, 1982), pork flavor 
(Huang et al., 1989), and cheddar cheese modification (Chen, 1992), etc.
RSM is a  statistical method that uses quantitative data from a limited orthogonal- 
designed experiment to determine and simultaneously solve multivariate equations. The 
advantages of this method are that economical factorial design for controlled variables is 
studied simultaneously as opposed to one at-a-time. Thus, additive or synergistic effects 
of changes in reaction condition parameters can be determined. On the other hand, 
optimization of a reaction can be quantified using a regression equation expressed in the 
form of Taylor polynomial series, which best explains changes in measured response to the 
planned systematic changes of independent variables.
Therefore, variables under investigation should be precise, reasonable and within 
a small range, resulting in a large difference to provide the opportunity for the RSM model 
to account for and explain the variations. Based on the previous work of Baek (1994), the 
hydrolysis parameter for optimization was narrowed, while keeping the crawfish puree as 
substrate at 33.3%(W/V) level and the reaction time at 60min. Thus, a  three-factor central- 
composite-design was used in the current experiment to study volatiles formed as functions 
of the three independent variable: temperature, pH and E/S (enzyme/substrate) ratio. In the
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present research, three independent variables, each with the same spaced levels, were 
coded as [-1, 0, 1], in which the central level was coded as 0. Table 3 shows the three 
levels of variable factors and their corresponding codes.
Table 3: Three Independent Variables Shown as Coded and Natural Units in Central 
Composite Design Used for Crawfish RSM Experiment
Coded Units Independent Variables
pH Temperature
(°C)
E/S (%)
-1 8 65 0.2
0 9 70 0 3
1 10 75 0.4
A corresponding multiple regression model also was given to fit this RSM design. 
Equation 1: Response surface model equation
r= i> 0 + £  b l Xi + £  b ^ x l  + £  £  b  X t X ( i <  j ) [ 1 ]
i =1 i =1 1 =1 j = 2
where bo, bi5 bH, by are coefficient constants of the regression model and Xi5 Xu, Xj are the 
independent variables transferred as coded values. Response surface equations for model 
determination were obtained using the RSREG program of the Statistical Analysis System 
(SAS) software (SAS Institute, Inc., Cary, NC, 1994, Version 6.1). The corresponding 3D 
RSM and 2D contour plots were obtained by using PSEPLOT software (Polysoft, Salt Lake 
City, UT) based on the RSM equations from SAS. These visionary graphics provide an 
estimate of the effects of two variables while the third variable is at a fixed condition.
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3.6: Flavor Profile Preparation and Comparison between Crawfish Tail Puree 
Hydrolysate and its Control
After crawfish tail puree was subjected to protease hydrolysis at optimum 
conditions derived from the RSM equation, the hydrolysate was extracted using the 
atmospheric simultaneous distillation and solvent extraction (A-SDE) method. The 
concentration and analysis conditions are similar to procedures mentioned in section 3.2.1 
and section 3.2.2. The flavor profile obtained from hydrolysate was compared with its non­
hydrolyzed control.
3.7: Flavor Profile Preparation and Comparison between 0.2% Fructose-added 
Crawfish Tail Puree and its Control
Fructose, 0.2% (W/W), (Sigma, St. Louis, MO) was added to the crawfish tail
puree. The flavor o f fructose-spiking crawfish tail puree (FTP) was extracted with the
atmospheric simultaneous distillation and solvent extraction (A-SDE) method. Other
analysis conditions were comparable to procedures mentioned in sections 3.2.1 and section
3.2.2. The flavor profile obtained from FTP was compared with its control, TP.
3.8: Characterization of Flavors in Cysteine-glycerol Model Reaction System
L-cysteine and glycerol were purchased from Sigma Chemical Company, St. Louis,
MO, U.S.A. Unlike the extraction of crawfish flavors using A-SDE, the model reaction
flavor products were generated and extracted using nitrogen purge-and-trap (NPT)
technique. Figure 3 shows the layout of the entire experimental apparatus.
Ten ml glycerol was placed into a modified 50 ml two neck round bottom flask.
One neck served as the inlet for the purging nitrogen gas, while the other neck was
connected to the cold trap glass tube containing 5 ml dichloromethane (DCM) immersed
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Figure 3: Layout of model reaction flavor extraction apparatus
A: UHP Nitrogen gas;
B: Gas purifier;
C: Sample, cysteine + glycerol;
D: Sand heater;
E: thermometer; F: Ice water mixture; 
G: DCM as flavor extraction solvent
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in an ice-water container. Glycerol was heated at 120° C for 5 min before addition of I g 
of cysteine. Then, the cysteine-glycerol mixture was heated at 220°C for 3 hrs. During the 
model reaction, the reaction mixture was continuously purged by ultra high purity nitrogen 
gas. The DCM-flavor extract was filtered through pre-dried anhydrous sodium sulfate to 
remove trace water before GC/MS analysis. Other GC/MS analysis conditions were 
comparable to procedures mentioned previously. However, some aromas were tentatively 
identified according to their MS spectrums due to the lack of authentic standards.
3.9: Quantification of Flavor Compounds
Positively identified compounds were quantified after calibration curves were 
plotted using standard solutions containing the components of interest at three 
concentration levels vs. the same concentration o f internal standard (TMP). The response 
factors of tentatively identified compounds were suggested to be 1.0 due to the lack of 
authentic standards to make calibration curves. The concentration of internal standard was 
calculated to yield approximately the same order of the area as the most flavor peaks. 
Therefore, concentration of a compound in the flavor extract was calculated from the 
following equations:
Equation 2: Internal Standard equation:
Concentration Ratio (S/I) o f  Standard Mixture 
Signal Rratio (S/I) o f  Standard Mixture
[2]
Concentration Ratio jUlI) o f  Unknown 
Signal Ratio ( U/I) o f  Unknown
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Here, if  we obtained the response factor, fj, from the slope of the calibration curve as 
Equation 3: Calibration curve equation
.. concentration ratio o f  standard mixture r„,f i  = ------------------------------- '---------------------------- [3]
signal ratio o f  standard mixture
and the internal standard addition amount is 45,400 ng with the 500 g sample, then the 
Equation 4: Flavor components concentration equation
(Concentration o f Sample, ppm\ =
[4]
(45.4/500) x f i  * Signal Ratio (S/I) o f  the sample
3.10: Aroma Extraction Dilution Analysis (AEDA)
Since it is an effective method incorporating the gas chromatography-olfactometry 
(GC/O) technique to evaluate the intensities/activities of aromas, AEDA has been widely 
used in analysis of the characteristic flavors, or off-flavors, in sample extracts (Acree et al., 
1984; Blank and Grosch, 1991; Grosch et al., 1994). This narrows the number of selected 
contributing flavors in simulating model recipes or suppressing these off-flavors. AEDA 
also is used to compare/detect differences of flavor profiles of similar samples due to 
sensory intensity changes o f some important flavors.
AEDA was used to bridge the gap between the sensory characteristics and chemical 
composition o f crawfish extract stock. To the knowledge o f this investigator, very few 
experiments have been designed to correlate these two important parameters reflecting 
flavor profiles.
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Serial dilutions were prepared from the concentrated flavor extracts in the ratio of 
1:1 in dichloromethane. Each dilution was transferred into another amber vial with a 
teflon-lined screw cap and stored at -80°C for analysis.
3.11: Statistical Analysis Methods
Numerous identifications of flavors in various foodstuffs have caused flavor 
researchers to recognize the importance of critical mathematical techniques in this field. 
Chromatograms obtained from high-resolution GC/MS and other instruments such as 
HPLC, FTIR and NMR can provide useful information on the composition of flavors and 
the chemical mechanisms of their formation and degradation during processing and storage 
of food products. However, it is difficult to reveal the integrated or interactive effect of 
hundreds, perhaps thousands, of flavors encompassed by chromatographic data without 
mathematical treatment. Currently, a new powerful mathematical treatment in flavor 
research has been introduced by different names (Zervos et al., 1993; Zervos, 1992; Togari 
et al., 1985a,b), i.e., chemometrics, pattern recognition, multivariate statistics, etc. 
Although application of this mathematical treatment has been widely used in biological and 
sociological fields, it is still used to a limited degree in flavor research. For example, it has 
application in the classification and differentiation of wines (Leegwater et al., 1981; 
Baumes et al., 1986; Herranz et al., 1990; Martin-Alvarez et al., 1988,1991; Guedes de 
Pinho et al., 1994), beer (Harayama et al., 1991), Worcestershire sauce (Aishima, 1985) and 
other food-stuffs (Hartman and Hawkes, 1969). To promote the use of this useful and 
powerful technique in sensory evaluation and flavor analysis, Ennis et al. (1982), Aishima 
and Naki (1991) critically reviewed this method.
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However, facing several possible multivariate statistical methods such as cluster 
analysis, factor analysis, canonical correlation analysis, canonical discriminant analysis, 
principal component analysis, etc., only the last method was selected for this crawfish 
flavor research based on a premise of no assumption of the distribution of variables and no 
constraints on the number of variables and samples for this statistical method.
Principal component analysis (PCA) is usually recommended as an initial step to 
other multivariate analyses to obtain a first overview of the data structure and to delineate 
classes. PCA can examine relationships among several quantitative variables and derive 
a few linear combinations of a set of variables that retains as much of the information in 
the original variables as possible. According to the statistical model, the first principal 
component has the largest variance of any unit-length linear combination of the observed 
variables, while the second has the next smaller variance, etc., which were coded as PCI,
PC2,  in order. Therefore, principal component analysis is a dimension-reduction
technique to summarize the total variation of the research subject. Also, PCA and its 2D 
graphics often are used to differentiate various subjects with s im ilar characteristics. In the 
present research, PCA was expected to explain the subtle flavor profile differences between 
the crawfish purees examined.
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CHAPTER 4
RESULTS AND DISCUSSIONS 
4.1: Properties of Protease APL-440
4.1.1: Determination of Caseinolytic Activity of the Protease APL-440
The caseinolytic activity o f the purchased protease APL-440 was assayed using a
modified method (see section 3.3.1) at conditions o f pH 7, 65 °C and 2% casein solution.
The calculated caseinolytic activity of protease APL-440 was 2.75x106U/min/ml.
4.1.2: Effect of the Amount of Protease APL-440 on the Degree of Hydrolysis (DH) of 
Tail Puree (TP)
Endo-cleavage protease APL-440 developed hydrolytic curves o f  the crawfish tail 
puree as shown in Figs. 4 and 5. Figure 4 indicates a non-linear relationship between the 
amount of protease and the degree o f hydrolysis (DH) o f TP. Initially, rapid hydrolysis 
occurred with a small amount of protease addition over the range of reaction period, but 
this rapid hydrolysis could not be maintained proportionally with an increase in the amount 
of protease. Instead, the DH curve evidenced a slow increase in DH values of TP after the 
enzyme addition point at 0.3% (ml/g). This indicated that the protease could be attached 
to the denatured crawfish tailmeat proteins easily and degraded those highly susceptible 
peptide bonds. However, it also suggested that the protease addition between 0.2%-0.4% 
might be reasonable in the hydrolysis reaction to reach maximal economic efficiency.
Similar hydrolytic curves also are shown in Fig. 5. These curves indicated that the 
DH value of crawfish protein did not increase proportionally with increase of reaction time.
52
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Figure 4: Effect of amount (ml/g) of protease APL-440 on the enzymatic 
hydrolysis of crawfish tail purees at the reaction condition of pH 8.5, 
65°C, 33.3% o f crawfish tail puree (on a wet basis)
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Figure 5: Reaction progress curves of enzymatic hydrolysis of crawfish 
tail purees by protease APL-440 at the reaction condition of pH 8.5, 
65°C, 33.3% o f crawfish tail puree (on a wet basis)
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On the contrary, it appears to have a maximum DH value o f less than 75%. This 
phenomenon is en2ymatically considered as the result of (l)reaction product feedback 
competition with the original substrates and (2)few highly susceptible peptide bonds 
available for the protease APL-440 due to the insoluble and/or more impact core proteins 
left at the later reaction stage. However, the hydrolytic susceptibility of proteins can be 
improved by thermal and/or mechanical denaturation of protein substrates, thereby 
exposing more peptide bonds to protease. Unfortunately, the very short thermal processing 
of crawfish in the commercial crawfish processing plant was used only to facilitate the 
peeling of crawfish for tailmeat recovery and to prevent en2ymatic softening o f tailmeat 
texture caused by hepatopancreatic protease (Marshall et al., 1987; Kim et al., 1992). This 
was demonstrated in Fig. 5, in that no significant increase of DH values occurred during 
hydrolysis without protease APL-440, which indicated that there was no, or m inim al, active 
protease remaining after boiling crawfish. Nevertheless, this preliminary  enzymatic 
experiment is important to determine the reasonable enzyme addition range (i.e., 0.2% to 
0.4%) for the later RSM design to search for optimum conditions. Reaction time also was 
fixed at 60 minutes since there was little DH increase following continued hydrolysis of 
TP.
4.2: Response Surface Methodology
4.2.1: Statistical Analysis of Regression Equation Model
Experimental design with the coded units of each independent variable, such as pH 
value, temperature (T), and enzyme/substrate ratio (E/S), as well as the results of dependent 
variable, such as degree of hydrolysis, corresponding to each designed sub-experiments,
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Table 4: Response Surface Methodology (RSM) Experimental Design for Degree
o f Hydrolysis (DH) of Crawfish Tail Puree
Run No Independent Variables Dependent
Variable
pH T(°C) E/S % DH
1 8(-l) 65(-1) 0.3(0) 62.0
2 10(1) 65(-l) 0.3(0) 60.1
3 8(-l) 75(1) 0.3(0) 52.3
4 10(1) 75(1) 0.3(0) 15.5
5 8(-l) 70(0) 0.2(-l) 58.4
6 10(1) 70(0) 0.2(-l) 38.5
7 8(-l) 70(0) 0.4(1) 65.1
8 10(1) 70(0) 0.4(1) 45.5
9 9(0) 65(-l) 0.2(-l) 66.3
10 9(0) 75(1) 0.2(-l) 38.5
11 9(0) 65(-l) 0-4(1) 69.5
12 9(0) 75(1) 0.4(1) 45.0
13 9(0) 70(0) 0.3(0) 62.1
14 9(0) 70(0) 0.3(0) 61.9
15 9(0) 70(0) 0.3(0) 62.5
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Table 5: Model Coefficients Estimated by Multiple Linear Regression for Protease 
APL-440 Using in Hydrolysis of Crawfish Tail Puree________________________
Parameter Parameter estimate Prob > |T|
Intercept (b0) 62.17 0.0000
XI (pH) -9.78 0.0000
X2 (T) -13.33 0.0000
X3 (E/S) 2.93 0.0000
X1*X1 (pH2) -8.82 0.0001
X2*X2 (T2) -5.87 0.0000
X3*X3 (E/S)2 -1.47 0.0126
X1*X2 (pH*T) -8.73 0.0000
X1*X3 (pH*E/S) 0.08 0.8481
X2*X3 (T*E/S) 0.83 0.0773
Lack of Fit 0.0995“
a: Prob > F.
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is shown in Table 4. Statistical analysis results are listed in Table 5. In this research, three 
independent variables were selected since they were reported (Baek, 1994) to have a 
significant effect on the hydrolysis of composite crawfish processing by-products (CPBs), 
which have similar compositions to those of crawfish tail puree. Reaction time was fixed 
at 60 minutes as mentioned previously. In addition, for convenience of comparison of 
flavor profiles between hydrolytic crawfish tail puree and other purees, all the crawfish 
puree concentrations were fixed at 33.3% (W/V). Therefore, the total experiments were 
reduced to 15 sub-experiments with three independent variables in the current response 
surface methodology (RSM) design.
Table 5 shows the statistical significance of model terms for the DH value as 
reflected by the model’s Prob>|T| value. It is clear that all variables including pH, 
temperature and substrate/enzyme (E/S) ratio and their interactions, except the pH*E/S 
interaction, play important roles in the increase of DH of crawfish tail puree. However, the 
variable E/S ratio did not appear as important as the other two variables although E/S ratio 
still evidenced a linear, quadratic effect (P<0.02) and an E/S *T interaction effect (P<0.08). 
This suggests that E/S may have a relatively wide suitable range for hydrolysis between 
0.2% to 0.4%. The different estimate of coefficients for each variable also show different 
heavy weights between them. The largest estimated value for the variable temperature 
Oh—13.33) indicates that it is the most important linear variable with negative effect on the 
DH value of crawfish proteins during the experimental temperature range over 65 °C to 
75°C. This result is in agreement with data from the enzyme manufacturer in that the 
temperature for optimum activity was 60°C with stability up to 70°C. In contrast, the
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positive estimated value for the variable E/S ratio reflects the fact that an increase of DH 
value depends positively on an increase of the E/S ratio. However, the small positive 
estimated value for E/S also reveals its minimal influence in hydrolysis compared with that 
o f other variables. In addition, the experiment also gave conflicting results in that, although 
the reported optimum pH range was between 9.0 to 10.0, the experimental pH range 
between 8.0 to 10.0 had a negative influence on the DH value. This suggested that more 
weak basic conditions might be required in the hydrolysis, or that some factors having 
significant synergistic effect with pH were missed in the current experiment.
Because the quadratic terms of the three variables are all negative, this indicates that 
there is an optimal experiment point at which the DH value could be maximized within the 
selected ranges.
Secondary variable interactions between three variables confirm the synergies 
which are common in food systems. From the results shown in Table 5, it is obvious that 
pH *T interaction is much more important than the pH *E/S and T *E/S interactions. This 
also demonstrates the weak role of the E/S variable in the experiment in that it weakens the 
related interactions. Moreover, non-significant value (PO.0995) of the lack of fit test, 
which was performed to detect the failure of the mathematic model, means the design has 
been sufficiently modeled and adequately expressed in secondary order by the response 
surface regression equation. This model is verified by the response surface regression 
analysis via the SAS RSREG procedure.
In general, from the results shown in the Table 5, the most appropriate model is, 
Equation 5: Response surface explanatory model equation
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r = 6 2 . 1 7 - 9 . 7  9X - 1 3 .3 3 X  + 2 .9 3 X  - 8  . 8 2 X z -8  . 73X  X
1 2 3 1 2 1  [5 ]
- 5 . 8 7 X 2+ 0 .0 8 X  X + 0 .8 3 X X  - 1 . 4 7 X 2
2 3 1 3 2  3
4.2.2: 3D Response Surface and 2D Contour Plots Analysis
The above mathematical model obtained from SAS is further refined by eliminating 
those terms which are not statistically significant. The resulting mathematical equations are 
represented as response surface shown in Figs. 6-8, which illustrate the optimum hydrolytic 
conditions for hydrolysis of crawfish tail puree using protease APL-440.
These three dimensional response surface graphics, combined with two dimensional 
contour plots, clearly indicate the relationships between any two independent variables 
when the third variable is fixed at a central coded level (i.e., pH=9.0, Temp=70°C, 
E/S=0.3%), and reaction time at 60 min, substrate concentration at 33.3% (W/V), and DH 
value as the dependent variable.
Figure 6 indicates that the optimal pH value is 8.5 and the optimal E/S ratio is 0.4% 
if temperature is maintained at 70°C. However, the DH only decreases from 67% to 64% 
or 61% if the variable E/S ratio decreases from 0.4% to 0.3% or 0.2%. This means that the 
economics of 3% or 6% decrease of DH could save 25% or 50% of the amount o f enzyme 
used. Similar results, with only about 3% fluctuation, could be obtained if the reaction pH 
value was held between 8.0 to 9.0. These results suggest that relatively non-strict 
hydrolytic conditions might exist. Also, wide changes o f E/S ratio did not induce drastic 
changes of DH value, thus, implying that the variable E/S ratio is not so strictly restricted. 
This coincides with results obtained in Figs. 4 and 5. In addition, the higher DH value in
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Figure 6: 3D response surface plot and 2D contour plot of the effect of pH1 and substrate/enzyme (E/S) ratio on the 
DH of crawfish tail puree at 70°C, 60min, 33.3% substrate concentration using protease APL-440
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Figure 7: 3D response surface plot and 2D contour plot of the effect o f pH and temperature on the DH of crawfish tail
puree at 0.3% enzyme/substrate (E/S) ratio, 60min, and 33.3% substrate concentration using protease APL-440
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Figure 8: 3D response surface plot and 2D contour plot of the effect of temperatufe and substrate/enzyme ratio on the 
DH o f crawfish tail puree at pH 9 .0 ,60min, and 33.3% substrate concentration using protease APL-440
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the pH range over 8.0 to 9.0 also suggests that pH value adjustment may not be necessary 
during enzymatic hydrolysis since the natural pH of the crawfish tail puree and its 
hydrolysate were between 8.6 to 7.9. This latter coincidence will facilitate large scale 
production o f crawfish hydrolysate for the preparation of flavor stock.
The effect o f pH and temperature on hydrolysis of tail puree is shown on Figure 7, 
which indicates that conditions of pH 9.0 and 65 °C were the optimum parameters for this 
reaction. This result coincides with the enzyme parameters reported by the manufacturer, 
and indicates that both substrates, i.e., casein and crawfish, are suitable for the enzyme. 
Figure 7 also is quite similar to that of Figure 6. The change o f pH from 8.0 to 9.0 and 
change of temperature from 65°C to 70°C would not result in a large decrease of DH value.
Moreover, as shown in Figure 8, DH reached its highest value (71%) when 
variables o f temperature and E/S ratio were set at 65 °C and 0.4%. However, if  the E/S 
ratio decreased to 0.3%, or even 0.2%, the DH only decreased 2% or 6%. This again 
confirmed the previous hypothesis that the change of E/S ratio between 0.2% to 0.4% 
would not result in drastic change of DH value. Furthermore, it demonstrated that the 
range o f E/S ratio between 0.2% to 0.3% is optimal for the present hydrolysis from an 
economic point o f view.
Combining results from three response surface plots, it has been demonstrated that 
the optimum hydrolytic conditions of protease APL-440 for crawfish tail puree are pH 8.0- 
9.0,65°C, and E/S ratio 0.2% to 0.3%. In fact, the real parameters needed to be controlled 
are only temperature and E/S ratio since the optimal pH ranges for the hydrolysis are within 
the natural pH ranges of crawfish tail puree and its hydrolysate. In contrast, the highest DH
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value of 71% obtained in this experiment, is higher than the reported 65% for hydrolysis
of crawfish claw processing by-products (CPBs) (Baek, 1994) even though the reaction
time was shortened from 2.5 hours to 1 hour. This can be explained in that crawfish tail
puree has a much higher protein concentration than that present in CPBs.
4.3: Analysis of the Effect of Storage Time on Flavor Profiles (FPs) of Crawfish 
Purees
4.3.1: Selection and Categorization of the Identified Flavors for the Comparison of 
Crawfish Flavors
Crawfish flavor has been studied in the Food Science Department at LSU for more 
than a decade. Since then, many volatile compounds in crawfish have been identified, 
although the compounds involved in flavors o f crawfish may be far greater than those 
identified up to now. Except for a few aromas that are still difficult to identify due to their 
extremely low concentrations, the currently identified volatiles are believed to be the major 
flavors for crawfish since the majority of flavors imparting various aroma notes detected 
by AEDA method are among the list of identified volatile compounds.
Previously, among those identified flavors, only 3-methylthiopropanal (methional), 
that imparts a potato-like aroma, was claimed to be the characteristic crawfish flavor 
(Williams, 1988). Thus, on the one hand, the chemistry of elucidating the crawfish flavor 
still remains obscure since no other compounds or group of compounds have been found 
with unique crawfish flavor; on the other hand, there are too many non-qualified flavors 
interfering with the effective qualitative analysis and quantitative comparisons of flavor 
profiles between different processed crawfish samples. For example, alkanes have been 
found in a large amount, but they posses no or very weak flavors. Amines also were
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detected, but they are difficult to be quantified simultaneously with other flavors. 
Therefore, those flavors are eliminated from potential flavor comparisons.
In the present experiment, one hundred and twenty volatile compounds were 
identified, which included 24 aldehydes, 25 ketones, 19 alcohols, 15 nitrogen-containing 
volatiles, 7 suJfur-containing volatiles, 24 aromatics and 6 miscellaneous.
These aforementioned flavor compounds were found in nearly all crawfish samples. 
Therefore, this facilitates the comparison of flavor profiles. Both comparisons o f individual 
flavors and classified flavor groups seem indispensable since many foods have been known 
to be characterized by a group of aroma-similar flavors, or a balance of several flavor 
groups. Furthermore, flavor group comparison can explain regular changes between 
samples corresponding to the different processing methods, e.g., effect of storage time on 
the oxidative flavor changes.
Crawfish is believed to be composed of thermally-generated flavors that are formed 
during thermal processing, oxidative flavors which are products of lipid degradation, and 
particular flavors accumulated in the crawfish body via food chain or synthesized by 
endogenous enzymes. However, to facilitate the comparison of flavor groups representing 
the majority of crawfish flavors, not all of the 120 flavors were equally separated in each 
flavor group. Instead, only 38 flavors were objectively selected and distributed into 
thermal, oxidative and metabolic categorized flavor groups, based on concentrations, 
chemical classes, odor characters and formation mechanisms. In fact, statistical analysis 
demonstrates that this flavor selection and categorization was successful, which will be 
discussed in the following sections.
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Combination of the comparisons between individual flavors and groups of flavors, 
flavor profiles (FPs) of processed undersized crawfish purees were systematically analyzed 
using GC/MS, AEDA, and multivariate statistical methods. FPs were established between: 
(1) different batches of crawfish through different storage time and different extraction 
methods; (2) crawfish whole-animal puree and tail puree; (3) hydrolytic and non-hydrolytic 
crawfish tail puree; and (4) fructose-added crawfish tail puree and its control. In addition, 
a glycerol-cysteine reaction model was studied to investigate the possible contribution of 
glycerol in flavor formation.
4.3.2: Comparison of Flavor Profiles between Three Different Batches of Crawfish 
Extracted by Atmospheric SDE
Three different batches of crawfish involving 48, 36 and 24 hours o f storage time 
after harvest, designated as A,B,C corresponding to length of storage time, were used to 
detect any possible effect of storage time on flavor formation. Table 6 lists the amounts 
of 120 flavor components extracted by atmospheric SDE from three different batches of 
crawfish tail purees (TPs). As shown in Table 6, the concentrations o f total amount o f 
identified flavors in A, B, C were 734.9 lppb, 834.96ppb, and 714.72ppb, respectively. The 
comparisons of flavor profiles reveal that the total amount of those identified compounds 
have no significant difference (P<0.05) between sample A and B, or A and C, but there was 
a significant difference (P<0.05) between B and C.
In more detail (Table 7), the thermally-generated flavor group (coded as thermal 
flavor group) shows that samples A (42.64ppb) and C (41.00ppb) have no significant 
difference in absolute concentration amounts, while both are significantly different from
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Table 6: Comparison of Identified Volatile Flavors Extracted by Atmospheric SDE between A, B, C Crawfish Tail 
Purees through 48,36,24 Hours of Storage
Peak Compounds RIe
A a B b C c
MEAN*
(PPb)
RSD8 MEAN
(PPb)
RSD MEAN
(PPb)
RSD
1 2-pentanone 976 0.99* 0.21 1.06x 0.24 0.59* 0.21
2 2,3-butanedione 980 10.62yz 0.04 11.64y 0.09 9.89z 0.06
3 4-methyl-2-pentanone 1012 037* 0.04 1.04y 0.09 0.42z 0.07
4 a-pinene 1017 6.4 r 0.07 6.67* 0.14 6.83x 0.15
5 l-penten-3-one 1018 0.06x 0.00 0.11y 0.09 0.11y 0.09
6 2-propyl-furan 1028 0.23x 0.04 0.36y 0.10 0.2 r 0.05
7 methylbenzene 1044 0.96x 0.05 1.13y 0.09 0.2Z 0.24
8 2-butenal 1046.5 2.57* 0.04 2.03y 0.09 0.55z 0.16
9 3-hexanone 1055.5 0.52* 0.05 0.78y 0.10 0.74y 0.05
10 2,3-pentanedione 1066.2 4.25* 0.17 7.79y 0.28 4.04x 0.03
11 dimethyldisulfide 1080 0.76* 0.27 1.19y 0.13 0.79* 0.25
12 2-hexanone 1081 0.53x 0.05 0.57x 0.10 0.12Z 0.08
13 hexanal 1088 937* 0.08 13.84y 0.16 4.07z 0.06
14 2-methyl-2-butenal 1101 1.86x 0.04 1.46y 0.10 o oo N 0.13
15 3-pentanol 1109 1.13x 0.05 1.18x 0.10 0.37z 0.11
16 ethylbenzene 1117 1.15x 0.05 1.51y 0.09 0.88z 0.12
17 sabinene 1118 137* 0.15 2.13y 0.23 0.69* 0.44
18 (E)-3-penten-2-one 1123 236* 0.04 3.38y 0.09 1.50z 0.03
19 (E)-2-pentenal 1127 28.68* 0.06 27.29* 0.07 25.95x 0.09
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48 2-methylpyrazine 1273
49 p-cymene 1279
50 2-ethylpyridine 1289
51 1,2,4-trimethylbenzene 1291
52 2-octanone 1293
53 3-hydroxy-2-butanone 1295
54 octanal 1297.5
55 (E)-2-penten-l-ol 1309
56 (Z)-2-penten-l-ol 1319
57 2,5-dimethylpyrazine 1323
58 2,3-octadione d 1329
59 (E)-2-heptenal 1333
60 2,6-dimethylpyrazine 1335
61 ethylpyrazine 1336
62 N,N-dimethyl formamide 1336.2
63 6-methyl-5-hepen-2-one 1341
64 1,2,3-trimethylbenzene 1342
65 2,3-dimethylpyrazine 1342.5
66 1-hexanol 1358
67 (E)-3-hexen-ol 1382
68 2-ethyl-5-methylpyrazine 1384.5
69 dimethyltrisulfide 1385
70 2-nonanone 1395
71 2-ethyl-6-methylpyrazine 1396
72 nonanal 1397
73 cyclohexanol 1407
74 (E,Z)-2,4-hexadienal 1410
75 2,3,5-trimethylpyrazine 1411
1.50x 0.18 1.98x
0.45x 0.04 0.95x
0.30x 0.05 0.67y
1.39x 0.05 1.82y
0.50x 0.05 0.80y
6.61x 0.04 10.4y
1.72x 0.05 1.73x
1.68x 0.04 5.02y
2.94x 0.05 8.64y
13.05x 0.22 13.73x
© OO w 0.04 1.33y
1.76x 0.05 2.83y
0.17X 0.28 0.38x
0.07x 0.52 0,05x
0.5 l x 0.05 1.39y
30.87x 0.04 29.75x
2.76x 0.05 1.32y
0.28x 0.04 0.33y
8.07x 0.04 10.3 ly
0.3X 0.05 0.37y
0.38x 0.17 0.19y
6.12x 0.41 3.85x
4.12x 0.05 3.47x
0.02x 0 0.03x
9.5T 0.1 8.24x
1.37x 0.04 2.59y
0.4X 0.05 0.37*
0.16X 0.06 0.17X
0.29 1.66x 0.22
0.10 0,66x 0.22
0.10 0.34z 0.06
0.09 1.66x 0.17
0.09 1.00xy 0.06
0.09 1.74z 0.06
0.10 0.58z 0.26
0.09 3.46z 0.03
0.09 3.91x 0.06
0.10 12.3 lx 0.18
0.09 0.54z 0.16
0.09 2.93y 0.06
0.07 0.45x 0.6
0.00 0.07* 0.42
0.10 0.7T 0.13
0.09 30.54x 0.08
0.09 2.58x 0.1
0.09 0.2 lz 0.05
0.09 9.64xy 0.12
0.09 0.3 lx 0.06
0.05 0.25y 0.22
0.13 4.1x 0.4
0.1 3.79x 0.17
0 0.19Z 0.05
0.23 7.75x 0.27
0.09 5.04z 0.08
0.09 0.3X 0.26
0.12 0.47z 0.06
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104 1-phenylethanone 1655 0.53* 0.05 1.29y 0.1 0.57* 0.05
105 2-chlorocyclohexanol 1656 3.03* 0.04 7.22y 0.09 9.46* 0.1
106 3-thiophenecarboxaldehyde 1684 2.91* 0.18 2.95* 0.49 4.56* 0.07
107 a-terpineol 1694 38.91* 0.07 26.58y 0.17 33*y 0.12
108 endo-bomeol 1696 5.65* 0.03 6.28* 0.23 6.75* 0.2
109 2-thiophenecarboxaldehyde 1699 0.5* 0.05 0.46* 0.1 0.47* 0.06
110 (E,E)-2,4-nonadienal 1701 0.74* 0.05 0.61y 0.09 0.83* 0.06
111 [l,l'-biscyclopentyl]-2-one d 1718 7.98* 0.05 8.95* 0.09 0.19* 0.05
112 naphthalene 1749 3.48* 0.2 3.61* 0.25 7.73* 0.14
113 (E,Z)-2,4-decadienal 1767 0.54* 0.05 1.41y 0.1 0.42* 0.07
114 (E,E)-2,4-decadienal 1817 10.25* 0.04 7.66* 0.35 10.55* 0.3
115 methylnaphthalene 1903 3.16* 0.05 3.34* 0.1 2.99* 0.08
116 P-ionone 1948 0.25* 0.04 0.35*z 0.1 0.43* 0.23
117 benzothiazole 1970 2.15* 0.05 3.87y 0.1 3.69y 0.09
118 phenol 2012 0.57* 0.15 0.62* 0.4 0.72* 0.36
119 4-methylphenol 2087 0.47* 0.04 0.83** 0.09 1.12* 0.32
120 indole 2444 0.9* 0.05 1.9y 0.09 1.5y 0.26
totalh 737.91y* 0.05 834.96y 0.09 714.72* 0.01
a: A = boiled crawfish was processed by shell-muscle separator within 48 hours
b: B = boiled crawfish was processed by shell-muscle separator within 36 hours
c: C = boiled crawfish was processed by shell-muscle separator within 24 hours
d: tentatively identified
e: retention index
f: arithmetic mean concentration of the compound based on triplicate analysis
g: relative standard deviation
h: sum of the amount of all identified compounds
x-z: means within rows without the same superscript are significantly different (p<0.05)
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Table 7: Comparison of Three Categorized Flavor Groups Extracted by A-SDE between A, B, C Crawfish Tail 
Purees through 48, 36, 24 Hours of Storage
Compounds RI e
A a Bb Cc
Mean r 
(PPb)
RSD8 Mean
(PPb)
RSD Mean
(PPb)
RSD
Thermal
dimethyl disulfide 1080 0.76* 0.27 1.19y 0.13 0.79* 0.25
pyridine 1181 0.74* 0.23 0.84* 0.42 1.11* 0.15
pyrazine 1219 1.11* 0.43 0.94* 0.60 1.38* 0.23
1-methylthiopropanol d 1272 0.34* 0.36 3.44y 0.13 1.31* 0.25
2-methylpyrazine 1273 1.50* 0.18 1.98* 0.29 1.66* 0.22
2,5-dimethylpyrazine 1323 13.05* 0.22 13.73* 0.10 12.31* 0.18
2,6-dimethylpyrazine 1335 0.17* 0.28 0.38* 0.07 0.45* 0.60
ethylpyrazine 1336 0.07* 0.52 0.05* 0.00 0.07* 0.42
2-ethyl-5-methyl-pyrazine 1384.5 0.38* 0.17 0.19y 0.05 0.25y 0.22
dimethyl trisulfide 1385 6.12* 0.41 3.85* 0.13 4.10* 0.40
pyrrole 1521 13.14* 0.14 12.15* 0.23 11.80* 0.09
2-acetylthiazole 1650 2.35* 0.30 3.97y 0.05 1.21* 0.12
3-thiophenecarboxaldehyde 1684 2.91* 0.18 2.95* 0.49 4.56* 0.07
subtotalh 42.64* 0.07 45.65y 0.01 41.00* 0.05
total1 737.9F 0.05 834.95y 0.09 714.72* 0.01
percentage1 0.06* 0.09 0.06* 0.09 0.06* 0.06
Oxidative
2,3-butanedione 980 10,62y* 0.04 11.97y 0.10 9.89* 0.06
2,3-pentanedione 1066.2 4.25* 0.17 1.19 0.28 4.04* 0.03
(table cont'd)
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hexanal 1088 9.37* 0.08 13.84y 0.16 4.071 0.06
(E)-2-pentenal 1127 28.68* 0.06 27.29* 0.07 25.95* 0.09
l-penten-3-ol 1162 15.38* 0.12 13.60* 0.11 9.58* 0.05
heptanal 1192 1.04* 0.18 1.85* 0.82 0.92* 0.20
2-pentyl-furan 1236 2.64* 0.48 2.08* 0.09 4.70* 0.09
(E)-2-heptenal 1333 1.76* 0.09 2.83y 0.18 2.93y 0.06
nonanal 1397 9.57* 0.10 8.24* 0.23 7.75* 0.27
l-octen-3-ol 1452 4.04* 0.15 4.21* 0.23 6.94* 0.10
2,4-heptadienal 1502 32.66* 0.06 28.86* 0.33 32.44* 0.14
2,4-octadienal 1587 7.00* 0.05 7.81* 0.13 7.22* 0.03
2,4-decadienal 1817 10.25* 0.04 7.66* 0.35 10.55* 0.30
subtotal 137.30* 0.02 144.23y 0.07 126.98* 0.04
total 737.91 0.05 834.95 0.09 714.72 0.01
percentage 0.19* 0.06 0.17* 0.06 0.18* 0.04
Metabolic
a-pinene 1017 6.41* 0.07 6.67* 0.14 6.83* 0.15
sabinene 1118 1.37* 0.15 2.13y 0.23 0.69* 0.44
/?-myrcene 1170 6.61* 0.08 7.21* 0.09 6.19* 0.07
L-limonene 1195 280.88* 0.12 291.69* 0.13 265.83* 0.11
styrene 1264 1.81* 0.48 1.80* 0.42 1.18* 0.28
camphor 1525 3.09* 0.24 2.97* 0.11 3.23* 0.23
linalool 1554 4.65* 0.14 6.23** 0.17 5.05* 0.08
a-terpineol 1694 38.91* 0.07 26.58y 0.17 33.00*y 0.12
endo-bomeol 1696 5.65* 0.03 6.28* 0.23 6.75* 0.20
naphthalene 1749 3.48* 0.20 3.61* 0.25 7.73* 0.14
methylnaphthalene 1903 3.16* 0.05 3.34* 0.10 2.99* 0.08
phenol 2012 0.57* 0.15 0.62* 0.40 0.72* 0.36
( table cont’d ) ^
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subtotal 356.60 0.08 359.13 0.11 340.19 0.07
total 737.91 0.05 834.95 0.09 714.72 0.01
percentage 0.48 0.03 0.43 0.02 0.48 0.06
a: A = boiled crawfish was processed by shell-muscle separator within 48 hours
b: B = boiled crawfish was processed by shell-muscle separator within 36 hours
c: C = boiled crawfish was processed by shell-muscle separator within 24 hours
d: tentatively identified
e: retention index
f: arithmetic mean concentration of the compound based on triplicate analysis
g: relative standard deviation
h: subtotal = sum of the categorized flavor group
i: total = sum of the all identified
j : percentage = subtotal over total
x,y,z: means within rows without the same superscript are significantly different (P<0.05)
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Figure 9: Comparison of three categorized flavor groups extracted 
by A-SDE from A, B, C crawfish tail purees;
A=boiled crawfish processed by shell-meat separator within 48 hours 
B=boiled crawfish processed by shell-meat separator within 36 hours 
C=boiled crawfish processed by shell-meat separator within 24 hours
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Figure 10: Total ion chromatogram of volatile flavor components extract by A-SDE from crawfish tail puree
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sample B (45.65ppb) (P<0.05). However, there was no significant difference (P<0.05) in 
the three batches when compared with relative percentage, all o f which are 6%, for each 
thermal flavor group over the total amount of all identified compounds. Flavor compounds 
from lipid degradation (coded as oxidative flavor group) have significant differences 
(P<0.05) between all three crawfish batches compared in concentration amount, i.e., 
137.3ppb, I44.23ppb, and I26.98ppb for A, B, C, respectively. However, A, B, C crawfish 
tail puree batches did not show any significant difference (PO.05) in relative percentage 
calculated as 19%, 17%, 18% for A, B, C, respectively. Meanwhile, the comparison of the 
total amount of volatile compounds in the metabolic flavor group did not show significant 
difference in either absolute amount or fractional amounts, which were 356.60ppb, 
359.13ppb, 340.19ppb and 48%, 43%, 48% for A, B, C, respectively.
These results, with the only significant difference in total amount of oxidative 
compounds between A, B, C batches, directly linked the effect o f storage time to the 
generation of undesirable oxidative flavors in crawfish. Thus, storage time is suggested to 
be the major factor that determines the freshness of crawfish tail puree product. This result 
is in comparative agreement with Dupuy et al. (1987), who noted that in cooked ground 
beef, pentanal, hexanal, 2,3-octanedione, nonanal and the total volatile amount increased 
appreciably with storage time at 4°C. However, while it was found before extraction that 
samples of both A and B but not C evidenced typical lipid oxidative off-aromas, there were 
no significant rancid off-flavors in general flavor extracts after crawfish tail purees were 
extracted by DCM. This suggested that more volatile flavors were generated after thermal 
processing during extraction, and that these newly generated aromas and other intrinsic
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flavors might have a synergistic effect with lipid oxidative flavors to somewhat mask off- 
flavors. In addition, this also suggests that short processing and storage time, up to 48 
hours if TPs are kept under refrigeration conditions at 4°C, is acceptable in utilization of 
crawfish for manufacture of flavor stock.
Tables 6 and 7 also list the individual identified flavors in crawfish flavor extracts. 
There is no question that the metabolic flavor group, which includes terpenic and aromatic 
compounds, plays an important role in the contribution o f typical crawfish grassy and 
chemical flavor. This group accounts for nearly 50% o f the concentration o f total identified 
compounds in crawfish tail. Especially noteworthy is limonene, which has the highest 
amount of all flavors with a concentration greater than 250ppb, and contributes 
approximately 70% of the metabolic flavor group fraction. Other terpenic flavors in this 
group are a-terpineol, linalool, a-pinene, P-myrcene, endo-bomeol, camphor, and sabinene. 
These compounds generally give mild grassy, floral, musty, sweet, pine-like, camphor-like 
notes, or sometimes are described simply as terpene-like flavors. Among these compounds, 
except for limonene which has been found in crawfish previously, the remaining are 
identified for the first time in crawfish.
These aromas are commonly found in citrus products (Nagy et al., 1989; Peleg et 
al., 1991), ginger (Chen and Ho, 1989; Wu et al., 1990), celery (Tang et al., 1990), grape 
and almond (Gunata et al., 1990), raspberry (Pabst et al., 1991), as well as rosemary 
(Mookheijee et al., 1989) as free and glycosidically bound aroma compounds. Limonene, 
pinene, myrcene also are classified as monoterpenes. These compounds are common in 
celery (Tang et al., 1990), ginger (Chen and Ho., 1989) and pineapple. Although limonene
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is a major flavor o f crawfish, it is not considered to be a characteristic crawfish flavor since 
it exhibits only a very weak aroma in the AEDA experiment due to its relative high 
threshold of lppm  (Buttery et al., 1987). However, limonene should not be completely 
neglected because it may have a synergistic effect with other flavors to give the crawfish 
grassy, floral flavors. For example, limonene is one of precursors o f a-terpineol which has 
a lower odor threshold (0.34ppm) imparting stale, musty or pine-like flavor notes (Nagy 
et al., 1989). This may be why a-terpineol has the second highest concentration among the 
terpenic flavors. In addition, myrcene has a green-mango-like aroma with an odor 
threshold of 13ppb (Buttery et al., 1987). This aroma and other monoterpenes, including 
a-pinene and limonene, were reported as the main components of ftuit (Pistacia lentiscus), 
whose amount accounted for 39%, 28% and 11%, respectively (Wyllie et al., 1990). 
Linalool and a-terpineol, classified as terpenoids or monoterpene alcohol, have been 
commonly found in tomato, pineapple and ginger in free and bound forms. The latter in 
the form of nonvolatile terpenoid glycosides, can be released through the action of 
enzymes, acid and/or heat.
The free type of linalool and a-terpineol also were detected in crab (Chung and 
Cadwallader, 1993). Linalool, with an odor threshold in water of 6 ppb and imparting the 
floral, citrus aroma, constitutes two-thirds of coriander seed oil volatiles (Mookheijee et 
al., 1989). In contrast, its counterpart, a-terpineol, also having the flora aroma, was 
reported to be among the most important compounds contributing to the overall 
characteristic aroma of ginger (Wu et al., 1990). Bomeol may be not as significant as 
other terpenes and terpenoids. However, bomyl acetate was found to be the dominant
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flavor in persimmon, as high as 95% of the total flavor amount (Horvat et al., 1991). In 
addition, camphor has been reported to be the major constituent of commercial rosemary 
oil (Mookheijee et al., 1989). Moreover, only a few terpenic flavors in A, B, C crawfish 
TPs in individual comparisons, as shown in Table 7, evidenced significant differences 
(PO.05). This means there is possibly no effect of storage time (less than 48 hours) on the 
flavor changes of those purees if maintained at 4°C under refrigerator conditions.
Another important terpenic flavor compound is P-ionone, which is generally 
considered as the degradation product of carotene. P-ionone has a very low odor threshold, 
0.007ppb in water (Buttery et al., 1989) with a woody, balsamic, flora aroma. Baek (1994) 
considered this to be an important aroma in crawfish.
Other important flavors in the metabolic flavor group include naphthalene, 
methylnaphthalene and phenol, which are ubiquitous in seafoods. However, due to their 
mothball-like, phenolic, strong earthy and grassy, seaweed-like, objectionable ofif-flavors, 
they have not draw sufficient attention in their role in seafood flavors. In fact, these 
aromatic compounds also have low thresholds with strong intensity. These compounds 
were found in the current experiment to have low volatility, strong adsorption properties, 
and strong time-delayed or time-intensity characters. Such characters may be the reason 
why crawfish imparts a grassy, earthy, chemical-like flavors in the mouth for a long time 
after ingestion. In addition, the aforementioned aromatic compounds have been a long-time 
arguable topic in view o f flavor research for their questionable source from the chemical 
industry. However, model reactions revealed that these compounds also are able to be 
derived from natural precursors such as carotenoids (Onyewu et al., 1989) and amino acids.
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For example, phenylalanine might be a precursor of phenol since it was only detected in 
phenylalanine-fructose model reaction among amino acids (Amoldi, 1988).
It is recognized that lipid degradation products play an important role in the 
crawfish flavor profile. Among flavors in the oxidative flavor group, aldehydes constitute 
the major portion. 2,4-heptadienal has the highest concentration (about 30ppb), followed 
by (E)-2-pentenal, hexanal, etc. Ketones and alcohols such as 2,3-butanedione, 2,3- 
pentanedione and l-penten-3-ol, l-octen-3-ol also have been detected in high amount as 
shown in Table 7. It is not surprising to find these compounds in high concentrations since 
crawfish contain a comparatively high proportion of PUFAs. No (1987) reported that 
crawfish meal contained 9.89% fat (dry weight), which included oleic acid (18:lo>9) 
22.5%, linoleic acid (18:2co6) 10.8%, linolenic acid (18:3co3) 7.2%, EPA (20:5g>3) 8.5%, 
DHA(22:6g)3) 3.8%, etc. (Omara-Alwala et al., 1985). 2,4-Heptadienal in high 
concentrations possibly was derived from the high amount o f linolenic acid and EPA, 
which are precursors of 2,4-heptadienal. Linolenic acid also can be degraded to produce 
2,4-decadienal, which can further be thermally degraded to 2,4-heptadienal, hexanal, etc.
Hexanal has a low olfactory threshold of 4.5ppb (Buttery et al., 1987) and an 
objectionable odor that may impart an undesirable flavor to food products. It is interesting 
that only hexanal in this group showed significant differences between A, B, C crawfish 
TPs (P<0.05). This seems to confirm the hypothesis that hexanal can be labeled as a flavor 
deterioration indicator (Shahidi and Pegg, 1994).
Thermally-generated flavor compounds in crawfish have been reported as important 
flavors (Baek, 1994; Cha et al., 1992) due to their low thresholds. Although their
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concentrations account for only approximately 6% o f the extracted crawfish flavors, they 
contribute strong nutty, roasted flavors to crawfish. In this group, 3- 
thiophenecarboxyaldehyde was identified for the first time in crawfish. However, it did not 
give detectable flavor intensity, although its isomer, 2-thiophenecarboxyaldehyde has been 
reported to impart raw green odor in crawfish (Cha et al., 1992). Another S-containing 
flavor, 3-methylthio-1-propanol, also was tentatively identified and reported for the first 
time in crawfish. Its reducing product, 3-methylthiopropanal (methional) was reported as 
the crawfish characteristic flavor which possess nutty, potato-like aroma (Williams, 1988). 
However, data could not confirm that it is a significant crawfish-impact flavor because of 
its trace amount present.
Generally speaking, these volatile components in thermal, oxidative, and metabolic 
categorized flavor groups are important aromas for crawfish in providing a desirable 
balance of the meaty and grassy notes.
Besides flavors in the categorized flavor groups, other compounds also contribute 
distinctive aromas to crawfish. For example, benzaldehyde, found in both free and 
glycosidic forms with an aroma threshold o f  350ppb (Wu et al., 1990; Buttery et al., 
1990a), also was thought to be an important flavor for crawfish, imparting an almond 
aroma (Baek, 1994). The glycosidic bonded benzaldehyde, present in bitter almond oil, is 
called amygdalin. It is released with HCN and glucose after enzymatic hydrolysis.
The aromatic hydrocarbons in crawfish are another predominant flavor group, 
however, most only give weak grassy, floral, solvent aromas.
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4.3.3: Comparison o f Flavor Profiles between Three Different Batches of Crawfish 
Extracted by Vacuum SDE
Compared with the atmospheric simultaneous distillation and solvent extraction (A- 
SDE) of crawfish tail purees, vacuum SDE was preferred by previous researchers (Cha et 
al., 1993; Baek, 1994) because it was considered to generate less artifact compounds.
Tables 8-9 and Figs. 11-12 depicted the flavor profiles o f A, B, C batches extracted 
by V-SDE at temperature between 60-66°C. Similar to the A-SDE extracts, the flavor total 
amount of V-SDE extracts do not show significant difference (P<0.05) between three TPs, 
in which the total concentrations of A, B, C extracts were 720ppb, 733ppb, and 752ppb, 
respectively.
The amounts o f lipid oxidation flavors in A, B, C samples extracted by vacuum 
extraction had larger difference than that by atmospheric SDE extraction. Sample C had 
significantly less concentration of oxidative compounds than did samples A and B 
(P<0.05), while its concentration percentage also showed the same profile. This agrees 
with previous results indicating that storage time is an important factor in changing the 
crawfish flavor profiles. 2,4-heptadienal, haxanal, (E)-2-pentenal, 2,4-decadienal and 1- 
penten-3-ol are still the major compounds in the oxidative flavor group. The change of 
flavors in V-SDE compared with A-SDE is that the major aldehydes, alcohols and total 
amount of oxidative flavors increased, while ketones decreased. This result is somewhat 
similar to the previous report (Cha et al., 1992) that aldehydes, alcohols and ketones had 
higher concentrations in V-SDE than that in A-SDE due to the effect of lower temperature 
in V-SDE on the evaporation of extreme volatile compounds.
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Table 8 : Comparison of Identified Volatile Flavors Extracted by Vacuum SDE between A, B, C Crawfish Tail 
Puree through 48, 36, 24 Hours of Storage
Peak Compounds Rl*
A a B b C c
MEAN1,
(PPb)
RSD8 MEAN
(PPb)
RSD MEAN
(PPb)
RSD
1 2-pentanone 976 0.23x 0.02 0.3 ly 0.22 0.25x 0.17
2 2,3-butanedione 980 2.24* 0.05 2.14x 0.07 1.85z 0.06
3 4-methyl-2-pentanone 1012 0.37x 0.38 1.38y 0.19 0.45x 0.12
4 a-pinene 1017 6.68x 0.08 6.43x 0.10 6.53x 0.12
5 l-penten-3-one 1018 0.07x 0.00 0.11y 0.18 0.09x 0.07
6 2-propyl-furan 1028 0.42x 0.33 0.27x 0.06 0.28x 0.16
7 methylbenzene 1044 0.55x 0.03 1.12y 0.07 1.03y 0.06
8 2-butenal 1046.5 1.26x 0.15 1.60x 0.14 0.75z 0.22
9 3-hexanone 1055.5 0.54x 0.06 0.83y 0.14 0.98y 0.06
10 2,3-pentanedione 1066.2 4.17x 0.01 6.80y 0.06 4.88* 0.05
11 dimethyldisulfide 1080 1.17x 0.05 0.62y 0.10 0.85z 0.07
12 2-hexanone 1081 0.63x 0.14 0.48x 0.18 0.46x 0.20
13 hexanal 1088 23.97x 0.36 20.65x 0.70 11.45x 0.53
14 2-methyl-2-butenal 1101 1.21x 0.15 1.10x 0.23 3.90z 0.12
15 3-pentanol 1109 © I X 0.17 0.38x 0.11 0.59z 0.05
16 ethylbenzene 1117 0.42x 0.09 1.83y 0.08 0.92z 0.06
17 sabinene 1118 1.22x 0.09 1.57x 0.19 0.62z 0.23
18 (E)-3-penten-2-one 1123 0.69x 0.11 1.60y 0.07 1.98z 0.12
19 (E)-2-pentenal 1127 35.43x 0.19 19.71y 0.09 14.5 ly 0.04
20 2-butylfuran d 1130 0.00 0.00 0.00 0.00 0.00 0.00
21 p-xylene 1136 0.85x 0.10 1.68y 0.08 0.49z 0.05
(table cont'd)
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105 2-chlorocyclohexanol 1656 3.37x 0.30 17.86y 0.08 22.95* 0.06
106 3 -thiophenecarboxaldehy de 1684 8.29x 0.10 9.00x 0.06 4.95* 0.04
107 a-terpineol 1694 50.03x 0.39 37.16x 0.21 46.58x 0.25
108 endo-bomeol 1696 4.63x 0.26 6.04x 0.47 4.84x 0.05
109 2-thiophenecarboxaldehyde 1699 0.49y* 0.19 0.52y 0.08 0.39* 0.07
110 (E,E)-2,4-nonadienal 1701 0.55x 0.27 0.74x* 0.08 0.83* 0.20
111 [l,l'-biscyclopentyl]-2-one d 1718 0.15X 0.07 0.20x 0.08 6.73* 0.03
112 naphthalene 1749 13.64x 0.42 6.04y 0.47 4.14y 0.06
113 (E,Z)-2,4-decadienal 1767 0.09x 0.07 1.69y 0.08 0.19X 0.06
114 (E,E)-2,4-decadienal 1817 29.25x 0.02 31.17X 0.11 27.52x 0.07
115 methylnaphthalene 1903 3.5T 0.03 3.27x 0.16 2.99x 0.03
116 /Monone 1948 0.39x 0.05 0.31y 0.08 0.47* 0.06
117 benzothiazole 1970 4.06x 0.10 4.00x 0.07 2.89* 0.14
118 phenol 2012 1.04x 0.08 0.50y 0.05 0.54y 0.06
119 4-methylphenol 2087 0.48x 0.05 0.22y 0.07 0.90* 0.14
120 indole 2444 1.55x 0.28 0.62y 0.07 1.22x 0.01
total 720.32x 0.15 733.55x 0.13 752.03x 0.20
a: A = boiled crawfish was processed by shell-muscle separator within 48 hours 
b: B = boiled crawfish was processed by shell-muscle separator within 36 hours 
c: C = boiled crawfish was processed by shell-muscle separator within 24 hours 
d: tentatively identified 
e: retention index
f: arithmetic mean concentration of the compound based on triplicate analysis
g: relative standard deviation
h: sum of the amount of all identified compounds
x,y,z: means within rows without the same superscript are significantly different (p<0.05) oo
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Table 9 : Comparison of Three Categorized Flavor Groups Extracted by V-SDE between A, B, C Crawfish Tail 
Purees through 48, 36,24 Hours of Storage
Compounds RI e
A a Bb C e
Mean r 
(Ppb)
RSD8 Mean
(PPb)
RSD Mean
(PPb)
RSD
Thermal
dimethyl disulfide 1080 1.17* 0.05 0.62y 0.10 0.85* 0.07
pyridine 1181 0.88* 0.10 0.59y 0.07 0.60y 0.02
pyrazine 1219 1.02x 0.49 0.68* 0.42 1.18* 0.05
1-methylthiopropanol d 1272 0.54x 1.07 0.95* 0.95 2.93* 0.41
2-methylpyrazine 1273 1.75x 0.13 0.77y 0.17 0.47y 0.19
2,5-dimethylpyrazine 1323 11.71* 0.10 9.64* 0.21 3.75z 0.58
2,6-dimethylpyrazine 1335 0.19X 0.41 0.40* 0.80 0.07* 1.03
ethylpyrazine 1336 o.or 1.00 0.05* 0.20 0.07* 1.00
2-ethyl-5-methyl-pyrazine 1384.5 0.40x 0.10 0.66y 0.07 0.23* 0.78
dimethyl trisulfide 1385 4.25* 0.03 2.32y 0.05 3.71" 0.09
pyrrole 1521 4.09* 0.08 6.94y 0.04 5.75z 0.04
2-acetylthiazole 1650 1.73x 0.12 1.16y 0.14 0.77z 0.27
3-thiophenecarboxaldehyde 1684 8.29* 0.10 9.00x 0.06 4.95* 0.04
subtotalh 36.03x 0.04 33.77* 0.07 25.34z 0.09
total ' 720.32* 0.15 733.55* 0.13 752.03* 0.20
percentagej 0.050* 0.13 0.046* 0.08 0.034* 0.18
Oxidative
2,3-butanedione 980 2.24* 0.05 2.14y 0.07 1.85* 0.06
( table cont’d ) vOO
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2,3-pentanedione 1066.2
hexanal 1088
(E)-2-pentenal 1127
l-penten-3-ol 1162
heptanal 1192
2-pentyl-furan 1236
(E)-2-heptenal 1333
nonanal 1397
l-octen-3-ol 1452
2,4-heptadienal 1502
2,4-octadienal 1587
2,4-decadienal 1817
subtotal
total
percentage
Metabolic
a-pinene 1017
sabinene 1118
/?-myrcene 1170
L-limonene 1195
styrene 1264
camphor 1525
linalool 1554
a-terpineol 1694
endo-bomeol 1696
naphthalene 1749
methylnaphthalene 1903
4.17* 0.01 6.80y
23.97* 0.36 20.65*
35.43* 0.19 19.88y
22.28* 0.56 13.80*
2.17yz 0.16 3.10y
5.72* 0.12 4.38y
3.86* 0.52 3.78*
9.71* 0.06 7.96y
OO lo
X 0.08 9.20*
39.89y* 0.26 44.3 ly
6.24* 0.04 6.13*
29.25* 0.02 31.17*
193.30* 0.13 173.29*
720.32* 0.15 733.55*
0.27* 0.10 0.24*
MEAN RSD MEAN
6.68* 0.08 6.43*
1.22* 0.09 1.57*
5.56* 0.08 6.80y
234.12* 0.34 249.30*
1.23* 0.23 2.79y
3.91* 0.30 2.37*
3.97* 0.07 5.42y
50.03* 0.39 37.16*
4.63* 0.26 6.04*
13.64* 0.42 6.04y
3.57* 0.03 3.27*
0.06 4.88* 0.05
0.70 11.45* 0.53
0.08 14.5 ly 0.04
0.10 11.59* 0.06
0.25 1.50* 0.33
0.09 2.46* 0.10
0.31 2.68* 0.28
0.10 8.26y 0.07
0.09 6.16* 0.03
0.18 25.84* 0.18
0.14 4.13* 0.08
0.11 27.52* 0.07
0.13 122.83* 0.05
0.13 752.03* 0.20
0.06 0.17* 0.14
RSD MEAN RSD
0.10 6.53* 0.12
0.19 0.62* 0.23
0.09 5.86* 0.04
0.29 277.24* 0.52
0.20 1.15* 0.13
0.33 2.72* 0.20
0.06 5.74y 0.02
0.21 46.58* 0.25
0.47 4.84* 0.05
0.47 4.14y 0.06
0.16 2.99* 0.03
(table cond't)
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
phenol 2012 1.04x 0.08 0.50y 0.05 0.54y 0.06
subtotal 329.61x 0.25 332.16x 0.18 358.95x 0.39
total 720.32 0.15 733.55 0.13 752.03 0.20
percentage 0.45x 0.11 0.45x 0.064 0.47x 0.17
a: A = boiled crawfish was processed by shell-muscle separator within 48 hours,
b: B = boiled crawfish was processed by shell-muscle separator within 36 hours,
c: C = boiled crawfish was processed by shell-muscle separator within 24 hours,
d: tentatively identified
e: retention index
f: arithmetic mean concentration of the compound based on triplicate analysis 
g: relative standard deviation
h: subtotal = sum of the amount of categorized flavor group 
i: total = sum of the amount of all identified compounds 
j : percentage = subtotal over total
x,y,z: means within rows without the same superscript are significantly different (p<0.05)
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□ A  DB BC
Figure 11: Comparison of three categorized flavor groups extracted 
by V-SDE from A, B, C three crawfish tail puree;
A=boiled crawfish processed by shell-muscle separator within 48 hours 
B=boiled crawfish processed by shell-muscle separator within 36 hours 
C=boiled crawfish processed by shell-muscle separator within 24 hours
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Figure 12: Total ion chromatogram of volatile flavor components extract by V-SDE from crawfish tail puree
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Although there are large differences o f hexanal between the three V-SDE extracts 
(e.g., 23.97ppb, 20.65ppb, 11.45ppb for A, B, C, respectively), the data do not show a 
significant difference (P<0.05). Similar results also have occurred with other oxidative 
flavors. This suggests that the data had more variance in V-SDE than in A-SDE. The 
possible reason for this can be attributed to the difficulty o f fixing the temperature under 
vacuum conditions during extraction. The temperature fluctuation between 60 °C to 66 °C 
during V-SDE seems to be the factor causing the large variance of concentration of the 
extracted and extremely volatile flavors. However, results in Table 9 clearly demonstrate 
that sample C had significantly less oxidative flavors than that present in sample A and B. 
This result is similar to that obtained with A-SDE, and can be attributed to the effect of the 
microbial endogenous en2ymes since sample C had a much shorter processing and storage 
time than did the other two samples. Thus, sample C had less time to be exposed in the 
open air with the possibility o f being contaminated by microbes.
In a comparison of the thermally-generated flavor group, samples A and B had 
significantly higher absolute concentration and relative percentage than that o f sample C. 
This result may have been due to lower amounts of free amino acids and lipid degradation 
products in sample C compared with that in sample A and B due to the hydrolysis by 
microbial enzymes. Data also indirectly supports the previous hypothesis that processing 
and storage time affects the crawfish flavor profile. Meanwhile, as shown in Table 9, the 
percentage of the thermal flavor group in the total amount o f identified flavors was 3.4% 
to 5% in V-SDE and less than 6% in A-SDE. This suggests that the extraction temperature 
played a significant role in the decrease of thermally-generated flavor formation. It also
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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confirms the widely accepted theory that the higher temperature is more favorable for 
formation o f heterocyclic compounds.
Metabolz'cgroup flavors did not show significant differences comparable to those 
in the thermal flavor and oxidative flavor groups. The obvious changes in this flavor group 
are evident in the increase of limonene, decrease o f naphthalene and irregular changes of 
a-terpineol. It has been mentioned previously that limonene and linalool are among the 
precursors of a-terpineol during thermal processing (Nagy et al., 1989); however, their 
quantitative relationship is unclear. The notable changes in naphthalene between the three 
purees possibly were related to the different batches of raw material obtained from different 
collection times.
4.3.4: Comparison of Crawfish Flavor Profiles Extracted by A-SDE and V-SDE
From results shown in section 4.3.2 and 4.3.3, it can be seen that the flavor profiles 
of crawfish TPs mainly are composed of three categorized flavor groups that are designated 
as metabolic, oxidative and thermal flavor groups, respectively.
The total of these three flavor groups account for approximately 70-80% of the total 
amount of identified flavors of crawfish. In addition, regardless of what type of extraction 
method is used (i.e. A-SDE or V-SDE), it appears that the flavors in crawfish TP are 
dominated by terpenic and aromatic compounds in the metabolic flavor group which nearly 
accounts for 40%-50% of the total amount of identified volatiles. This is followed by the 
aldehydes, ketones and alcohols in the oxidative flavor group of approximately 17%-27%, 
and some thermally generated heterocyclic compounds in the thermal flavor group for 
about 3-7%.
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In addition, it is seen from the current experiments that factors such as storage time
and extraction methods in flavor preparation can affect the individual flavor formation and
subsequently the amount of flavor groups. Therefore, to facilitate the following
comparisons of the flavor profiles between WP, TP, TPH and FTP, it is better to use
crawfish tail puree (TP) of batch C as the experimental control. All other purees are
analyzed using the similar conditions as that for batch C of TP. Moreover, all of the
samples should be extracted by A-SDE to avoid large variances.
4.4: Comparison of Flavor Profiles between Crawfish Whole-animal Puree (WP) and 
Tail Puree (TP)
The absence of an appropriate commercial peeling machine to remove the crawfish 
head has suggested using whole washed and par-boiled crawfish as the starting raw material 
to prepare flavor stocks or other products. Due to lack of information on the characteristics 
of the crawfish whole-animal puree (WP), tests were run to compare whole-animal puree 
with the crawfish tail puree (TP).
The comparative results of the flavor profiles between crawfish WP and TP are 
shown in Tables 10-11 and Figure 13. Total ion chromatogram of WP is given in Figure 
14. These two flavor profiles exhibit some similar characteristics while, on the other hand, 
there are some significant differences. As shown in Table 10, the total amounts of 
identified compounds in WP and TP are 588.25ppb and 714.72ppb, respectively. Statistical 
analysis also confirmed that the concentration of flavors in WP had significantly decreased 
(P<0.05). However, the following more detailed comparison studies o f three categorized 
flavor groups representing the crawfish flavor profile give dissimilar results.
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Table 10: Comparison of Identified Volatile Flavors Extracted by A-SDE between 
Crawfish Tail Puree (TP) and Crawfish Whole-animal Puree (WP)
Peak Compounds RI d
TP 
Mean c
(PPb)
a
RSD f
WP
Mean
(PPb)
b
RSD
1 2-pentanone * 976 0.59 0.21 2.11 0.27
2 2,3-butanedione * 980 9.89 0.06 15.17 0.20
3 4-methyl-2-pentanone * 1012 0.42 0.07 0.79 0.33
4 a-pinene * 1017 6.83 0.15 10.94 0.24
5 l-penten-3-one * 1018 0.11 0.09 3.09 0.70
6 2-propyl-furan * 1028 0.21 0.05 1.34 0.28
7 methylbenzene 1044 0.20 0.24 0.95 0.70
8 2-butenal * 1046.5 0.55 0.16 4.69 0.25
9 3-hexanone 1055.5 0.74 0.05 2.66 0.72
10 2,3-pentanedione * 1066.2 4.04 0.03 6.45 0.19
11 dimethyldisulfide 1080 0.79 0.25 0.73 0.85
12 2-hexanone 1081 0.12 0.08 0.50 0.97
13 hexanal * 1088 4.07 0.06 35.02 0.24
14 2-methyl-2-butenal * 1101 0.81 0.13 4.13 0.58
15 3-pentanoI * 1109 0.37 0.11 0.95 0.38
16 ethylbenzene 1117 0.88 0.12 1.01 0.20
17 sabinene 1118 0.69 0.44 0.34 0.27
18 (E)-3-penten-2-one * 1123 1.50 0.03 3.15 0.24
19 (E)-2-pentenal 1127 25.95 0.09 23.54 0.36
20 2-butylfuranc 1130 0.33 0.12 0.48 0.30
21 p-xylene * 1136 0.91 0.13 1.79 0.27
22 1-butanol 1139 1.01 0.06 1.06 0.46
23 m-xylene 1141 3.30 0.09 4.74 0.57
24 2-methyl-2-pentenal * 1150 0.35 0.28 0.11 0.14
25 3-heptanone * 1153 1.21 0.06 0.11 1.03
26 7-oxabicyclo-[4,l,0]heptane * 1161 2.15 0.06 3.38 0.24
27 l-penten-3-ol 1162 9.58 0.05 10.44 0.21
28 /?-myrcene * 1170 6.19 0.07 1.22 0.08
29 pyridine 1181 1.11 0.15 1.89 0.47
30 2-heptanone 1187 5.41 0.06 10.09 0.19
31 o-xylene * 1191 0.34 0.06 2.07 0.64
32 heptanal * 1192 0.92 0.20 6.78 0.41
33 L-limonene * 1195 265.83 0.11 83.14 0.33
(table cont'd)
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34 3 -methy l-butano 1 1207 1.74 0.12 1.23 0.51
35 propylbenzene 1216 0.84 0.09 1.09 0.37
36 pyrazine * 1219 1.38 0.23 0.87 0.22
37 (E)-2-hexenal * 1226 6.78 0.14 17.48 0.02
38 4-ethyltoluene * 1228 0.45 0.22 0.94 0.31
39 3-ethyltoluene * 1230 0.29 0.37 2.86 0.31
40 2-pentyl-furan * 1236 4.70 0.09 6.83 0.02
41 1,3,5-trimethylbenzene * 1247 0.28 0.39 4.78 0.32
42 l-hexen-3-ol 1251 1.44 0.20 2.13 0.42
43 1-pentanol * 1252 7.57 0.07 9.33 0.04
44 3-octanone 1260 0.87 0.06 0.93 0.22
45 styrene * 1264 1.18 0.28 2.69 0.23
46 2-ethyltoluene * 1269 0.31 0.06 1.23 0.31
47 1-methylthiopropanol c * 1272 1.31 0.25 5.63 0.13
48 2-methylpyrazine 1273 1.66 0.22 1.50 0.10
49 p-cymene * 1279 0.66 0.22 1.40 0.07
50 2-ethylpyridine 1289 0.34 0.06 0.34 0.79
51 1,2,4-trimethylbenzene * 1291 1.66 0.17 6.18 0.27
52 2-octanone * 1293 1.00 0.06 4.33 0.12
53 3 -hydroxy-2-butanone 1295 1.74 0.06 2.35 0.24
54 octanal * 1297.5 0.58 0.26 4.70 0.25
55 (E)-2-penten-1 -ol 1309 3.46 0.03 4.92 0.27
56 (Z)-2-penten-1 -ol 1319 3.91 0.06 4.35 0.26
57 2,5-dimethylpyrazine * 1323 12.31 0.18 4.42 0.21
58 2,3-octadione c * 1329 0.54 0.16 6.79 0.20
59 (E)-2-heptenal * 1333 2.93 0.06 8.18 0.25
60 2.6-dimethylpyrazine 1335 0.45 0.60 0.64 0.77
61 ethylpyrazine 1336 0.07 0.42 0.09 0.97
62 N,N-dimethyl formamide * 1336.2 0.71 0.13 0.10 0.42
63 6-methyl-5-hepen-2-one * 1341 30.54 0.08 7.13 0.12
64 1,2,3-trimethylbenzene 1342 2.58 0.10 3.11 0.19
65 2,3-dimethylpyrazine * 1342.5 0.21 0.05 1.35 0.40
66 1-hexanoi * 1358 9.64 0.12 4.98 0.55
67 (E)-3-hexen-ol * 1382 0.31 0.06 2.90 0.67
68 2-ethyl-5-methylpyrazine 1384.5 0.25 0.22 0.17 0.52
69 dimethyltrisulfide * 1385 4.10 0.40 1.74 0.19
70 2-nonanone * 1395 3.79 0.17 12.14 0.16
71 2-ethyl-6-methylpyrazine * 1396 0.19 0.05 0.09 0.33
72 nonanal 1397 7.75 0.27 16.48 0.54
73 cyclohexanol * 1407 5.04 0.08 1.93 0.65
(table cont'd)
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74 (E,Z)-2,4-hexadienal 1410 0.30 0.26 0.45 0.87
75 2,3,5-trimethylpyrazine * 1411 0.47 0.06 1.05 0.25
76 (E,E)-2,4-hexadienal 1415 0.28 0.07 0.29 0.05
77 3-octen-2-one * 1418 0.31 0.25 1.33 0.34
78 2-hexen-l-ol 1420 0.23 0.04 0.34 0.35
79 (E)-2-octenal * 1436 3.80 0.20 8.90 0.18
80 2-cyclohexen-l-one * 1438 24.28 0.04 4.80 0.32
81 l-octen-3-ol * 1452 6.94 0.10 5.08 0.20
82 1,4-dichlorobenzene 1453 0.11 0.09 0.14 0.88
83 1-heptanol 1455 5.09 0.17 7.17 0.41
84 2-ethyl-3,6-dimethylpyrazine * 1460 0.04 0.00 0.02 0.25
85 1,2-dichlorocyclohexane * 1460.5 1.87 0.12 0.35 0.25
86 (E,Z)-2,4-heptadienal 1476 1.57 0.40 1.59 0.43
87 2-ethyl- 1-hexanol * 1490 1.43 0.10 0.71 0.08
88 2-decanone * 1498 1.88 0.03 10.16 0.30
89 (E,E)-2,4-heptadienal * 1502 32.44 0.14 19.36 0.21
90 3-nonen-2-one 1517 1.56 0.17 3.21 0.74
91 pyrrol * 1521 11.80 0.09 8.37 0.24
92 camphor 1525 3.23 0.23 2.06 0.54
93 benzaldehye 1533 10.93 0.05 9.87 0.11
94 (E)-2-nonenal 1537 3.78 0.03 3.87 0.94
95 linalool 1554 5.05 0.08 3.89 0.29
96 1-octanol 1562 2.33 0.16 4.06 0.35
97 (E,Z)-2,4-octadienal 1570 1.37 0.13 1.20 0.53
98 3,5-octadien-2-onec 1575 6.01 0.06 6.78 0.21
99 (E,Z)-2,6-nonadienal 1585 3.04 0.15 2.47 0.41
100 (E,E)-2,4-octadienal 1587 7.22 0.03 7.05 0.04
101 2-undecanone 1609 6.66 0.10 4.62 0.38
102 (E)-2-decenal 1640 1.60 0.13 2.34 0.32
103 2-acetylthiazole * 1650 1.21 0.12 2.79 0.16
104 1 -phenylethanone* 1655 0.57 0.05 1.15 0.09
105 2-chlorocyclohexanol * 1656 9.46 0.10 4.17 0.10
106 3-thiophenecarboxaldehyde * 1684 4.56 0.07 0.93 0.29
107 a-terpineol * 1694 33.00 0.12 18.13 0.33
108 endo-bomeol * 1696 6.75 0.20 2.11 0.69
109 2-thiophenecarboxaldehyde 1699 0.47 0.06 0.65 0.22
110 (E,E)-2,4-nonadienal * 1701 0.83 0.06 0.12 0.30
111 [1 ,l'-biscyclopentyl]-2-one c 1718 0.19 0.05 0.19 0.64
112 naphthalene * 1749 7.73 0.14 2.84 0.19
113 (E,Z)-2,4-decadienal 1767 0.42 0.07 0.70 0.06
(table cont'd)
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114 (E,E)-2,4-decadienal 1817 10.55 0.30 4.68 0.71
115 methylnaphthalene * 1903 2.99 0.08 0.46 0.19
116 yS-ionone 1948 0.43 0.23 1.97 0.65
117 benzothiazole * 1970 3.69 0.09 16.02 0.22
118 phenol * 2012 0.72 0.36 1.26 0.27
119 4-methylphenol 2087 1.12 0.32 0.92 0.77
120 indole 2444 1.50 0.26 2.46 0.37
total 8* 714.72 0.01 588.25 0.02
a: TP = crawfish tail puree 
b: WP = crawfish whole-animal puree 
c: tentatively identified 
d: retention index
e: arithmetic mean concentration of the compound based on triplicates analysis 
f: relative standard deviation
g: total amount of all identified compounds listed above 
*: significantly different (p<0.05)
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Table 11: Comparison of Three Categorized Flavor Groups Extracted by A-SDE 
between Crawfish Whole-animal Puree (WP) and Crawfish Tail Puree (TP)
Categorized Flavor Groups RI c
TP 
Mean d 
(PPb)
a
RSD e
WP
Mean
(ppb)
b
RSD
Thermal
dimethyl disulfide 1080 0.79 0.25 0.73 0.85
pyridine 1181 1.11 0.15 1.89 0.47
pyrazine * 1219 1.38 0.23 0.87 0.22
1-methylthiopropanol f * 1272 1.31 0.25 5.63 0.13
2-methylpyrazine 1273 1.66 0.22 1.50 0.10
2,5-dimethylpyrazine * 1323 12.31 0.18 4.42 0.21
2,6-dimethylpyrazine 1335 0.45 0.60 0.64 0.77
ethylpyrazine 1336 0.07 0.42 0.09 0.97
2-ethyl-5-methyl-pyrazine 1385 0.25 0.22 0.17 0.52
dimethyl trisulfide * 1385 4.10 0.40 1.74 0.19
pyrrole * 1521 11.80 0.09 8.37 0.24
2-acetylthiazole * 1650 1.21 0.12 2.79 0.16
3-thiophenecarboxaldehyde * 1684 4.56 0.07 0.93 0.29
subtotal g * 41.00 0.05 29.77 0.12
total h 714.72 0.01 588.25 0.02
percentage' 0.06 0.06 0.05 0.13
Oxidative
2,3-butanedione * 980 9.89 0.06 15.17 0.20
2,3-pentanedione * 1066 4.04 0.03 6.45 0.19
hexanal * 1088 4.07 0.06 35.02 0.24
(E)-2-pentenal 1127 25.95 0.09 23.54 0.36
l-penten-3-ol 1162 9.58 0.05 10.44 0.21
heptanal * 1192 0.92 0.20 6.78 0.41
2-pentyl-furan * 1236 4.70 0.09 6.83 0.02
(E)-2-heptenal 1333 2.93 0.06 8.18 0.25
nonanal 1397 7.75 0.27 16.48 0.54
l-octen-3-ol * 1452 6.94 0.10 5.08 0.20
2,4-heptadienal * 1502 32.44 0.14 19.36 0.21
2,4-octadienal 1587 7.22 0.03 7.05 0.04
2,4-decadienal 1817 10.55 0.30 4.68 0.71
subtotal * 126.98 0.03 165.06 0.16
total 714.72 0.01 588.25 0.02
percentage * 0.18 0.03 0.28 0.18
(table cont'd)
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Metabolic
a-pinene * 1017 6.83 0.15 10.94 0.24
sabinene 1118 0.69 0.44 0.34 0.27
/?-myrcene * 1170 6.19 0.07 1.22 0.08
L-limonene * 1195 265.83 0.11 83.14 0.33
styrene * 1264 1.18 0.28 2.69 0.23
camphor 1525 3.23 0.23 2.06 0.54
linalool 1554 5.05 0.08 3.89 0.29
a-terpineol * 1694 33.00 0.12 18.13 0.33
endo-bomeol * 1696 6.75 0.20 2.11 0.69
naphthalene * 1749 7.73 0.14 2.84 0.19
methylnaphthalene * 1903 2.99 0.08 0.46 0.19
phenol * 2012 0.72 0.36 1.26 0.27
subtotal * 340.19 0.07 129.09 0.19
total 714.72 0.01 588.25 0.02
percentage * 0.48 0.06 0.22 0.17
a: TP = crawfish tail puree
b: WP = crawfish whole-animal puree
c: retention index
d: arithmetic mean concentration of the compound based on triplicate analysis 
e: relative standard deviation 
f: tentatively identified
g: subtotal = sum of the categorized flavor group 
h: total = sum of the all identified compounds 
i: percentage = subtotal over total 
*: significantly different (P<0.05)
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Figure 13: Comparison of three categorized flavor groups extracted 
by A-SDE from crawfish tail puree and whole-animal puree 
TP=Tail Puree; WP=Whole-animal Puree
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Flavor concentration decreased in the metabolic flavor group o f WP, which is the 
major difference between WP and TP (Table 11). Because o f the notable decrease in the 
amount o f limonene from 265.83ppb in TP to 83.14ppb in WP, the total amount of 
metabolic flavor group dropped from 340.19ppb in TP to 129.09ppb in WP, in which 
limonene accounts for 86% of the total flavor loss. Also, the relative ratio o f the amount 
of metabolic flavor group to the total amount o f all identified flavors decreased from 48% 
to 22%, less than that o f the oxidative flavor group at 28%. Along with significant changes 
in limonene, a-terpineol, P-myrcene, endo-bomeol, naphthalene and methylnaphthalene 
also have significant concentration decreases. This may be attributed to a decrease in flavor 
precursors and more flavor-shell interaction (absorption) in WP with the head addition. 
Crawfish head is primarily composed of shell, digestive organs, hepatopancreas (fat) and 
water, with limited amount of meat compared with that of the tail portion that is considered 
to be the main flavor contributor. Therefore, a lower content ratio of crawfish tailmeat and 
crawfish flavor-shell interaction in WP than that in TP, resulted in less total flavor 
concentration than that o f TP.
However, the concentration of oxidative flavor group exhibited significant increase 
in both the absolute amount and relative percentage to the total amount o f flavors due to 
the presence of crawfish fat. For instance, in this group, hexanal increased most 
significantly from 4ppb to 35ppb, heptanal increased 7.4 times from 0.92ppb to 6.78ppb, 
(E)-2-heptenal 2.8 times from 2.93ppb to 8.18ppb, and nonanal 2.1 times from 7.75ppb to 
16.48ppb. Short chain diones also increased, e.g., 2,3-butanedione from 9.89ppb to 
15.17ppb, 2,3-pentanedione from 4.04ppb to 6.45ppb.
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Inspite o f these increases, 2,4-heptadienal significantly decreased 40% from 
32.44ppb to 19.36ppb and 2,4-decadienal 56% from 10.55ppb to 4.68ppb. These decreases 
may be attributed to several factors. For example, the two dienals are readily thermally 
degraded to short chain aldehydes, ketones and alcohols (Josephson and Lindsay, 1987). 
In addition, the dienals are subjected to lipid-mediated Maillard reactions. Nevertheless, 
the decrease of the dienals may help to reduce the off-flavor intensities since these two 
dienals are reported to have much lower thresholds than hexanal and impart oxidized fish- 
oil aroma (Josephson and Lindsay, 1986) and beany flavor in soybean oil (Hoffmann^ 
1961b).
In addition, 6-methyl-5-hepten-2-one decreased in concentration by 77%. This 
flavor, which can originate from the carotenoids, was reported to be the major 
norisoprenoid compound in fresh tomato volatiles (Buttery et al., 1990b). However, 
lipophilic carotenoids in crawfish are more difficult to be degraded and extracted at the 
increased fat condition. This may explain why 6-methyl-5-hepten-2-one decreased. 
Another explanation for the decrease of dienals and ketones is linked to Maillard reaction 
products that have an antioxidative effect to stop or delay the oxidation reaction. However, 
no direct evidence has been found in the current study to correlate Maillard products with 
a decrease in concentration of dienals and some ketones.
l-octen-3-ol decreased slightly from 6.94ppb to 5.08ppb. This compound is 
generally known as the “mushroom alcohol” because of its high concentration in mushroom 
(Agaricus bisporus) and its low odor threshold (0.46ppb) imparting an earthy, herbaceous 
aroma. (E)-2-octenal, another characteristic mushroom flavor, however, increased
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markedly. These two flavors are believed to be derived from the breakdown of linoleic 
acid, arachidonic acid and EPA by hydrolysis o f lipoxygenase and hydroperoxide lyase 
(Hsieh and Kinsella, 1989; Mau et al., 1992). Conversely, 3-octen-2-one increased 
significantly. This compound and 2,3-butanedione were suggested to originate from 
glycogen degradation (Buscailhon et al., 1993). Both were found in another mushroom 
species, Boletus edulis (Thomas, 1973). 4-methyl-2-pentanone doubled in concentration. 
This flavor is seldom reported in seafoods, but has been found in Japanese soysauce Shoyu 
(Nunomura et al., 1984).
The aldol condensation products identified in this study are 2-methyl-2-butenal and 
2-methyl-2-pentenal. The former increased significantly (P<0.05) and is considered to 
have been formed from acetaldehyde and propanal, while the latter from two propanals 
decreased significantly (P<0.05). However, the presence o f both acetaldehyde and 
propanal were not determined in this study.
In addition to the components mentioned above, other associated flavors have 
different responses in WP for addition of crawfish head portion. 1 -penten-3-one, 2-butenal, 
(E)-2-hexenal, 2-octanone, octanal, 2-nonanone, and 2-decanone, considered as lipid 
degradation products, showed significant concentration increases. These changes are 
consistent with the general trend of the concentration increase in the oxidative flavor group 
of WP with most of the crawfish hepatopancreas present.
Based on the significant changes of aldehydes, alcohols and ketones in WP, it is 
reasonable to assume that crawfish hepatopancrease (fat) is the dominant component 
leading to the increase of oxidative flavors. In fact, crawfish fat in WP should be more
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suspectable to oxidation reaction since grinding of whole crawfish has resulted in the 
breakage of fat depot membranes and in all likelihood, acceleration o f the oxidation 
process.
2-pentyl-furan, in addition to the aldehydes and ketones, increased from 4.70ppb 
to 6.83ppb. This volatile aroma is a well known autoxidation product of linoleic acid and 
has been shown to be one o f the compounds introducing a beany, grassy note responsible 
for the reversion flavor of soybean oil (Chang et al., 1961; Ho and Chang, 1978). It also 
was reported in high quantity in medium grilled pork (Mottram, 1985), cooked beef 
(Mottram and Edwards, 1983) and was described as sweet, spicy and green in crawfish 
processing waste (Tanchotikul and Hsieh, 1989).
The formation of thermally-generated flavors in WP, such as N- and S-containing 
compounds, may be influenced by two factors. Firstly, the decreased concentrations of free 
amino acids in WP showed limited formation of heterocyclic compounds; secondly, this 
formation was promoted by increased concentration of carbonyl compounds from lipid 
degradation. Therefore, these two apparent contradictory effects in WP may be offset and 
have resulted in a non-significant change of the fraction ratio of thermal flavor group in the 
total flavor extract. However, some aromas such as 2,5-dimethylpyrazine, dimethyl 
trisulfide, pyrrol and 3-thiophenecarboxaldehyde, decreased 2.8 fold, 2.4 fold, 1.4 fold, and 
4.9 fold, respectively. The possibility for these flavor decreases may be attributed to the 
aforemetioned factor that negatively affect the formation o f these flavors. However, 1- 
methylthiopropanol and 2-acetylthiazole increased 4.2 times and 2.2 times, respectively. 
This suggests that these two compounds involved different mechanisms in their formation.
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Nevertheless, a small concentration change, such as that of 2-acetylthiazole from 1.2ppb 
to 2.8ppb, is not sufficient to impart a significant change in intensity or contribution to the 
overall flavor profiles though 2-acetylthiazole has been reported to have a low threshold 
of lOppb with a nutty, popcorn flavor (Pittet and Hruza, 1974). Benzaldehyde, observed 
to have the highest concentration among aldehydes in CPB hydrolysate (Baek, 1994), 
nevertheless, did not exhibit significant changes in the current study.
Alkylbenzenes are a large group in crawfish flavor extract. However, these 
compounds were reflected by various responses in concentration changes in WP. Among 
them, methylbenzene may originate from degradation of aromatic acids such as 
phenylalanine, while 1,2-dimethylbenzene is likely to originate from steroids (Viallon et 
al., 1992). 1,3-dimethylbenzene and 1,4-dimethylbenzene, as well as aromatic compounds 
and limonene, may come from the food chain, e.g., carotenoids, etc. These compounds 
have been widely detected in seafoods, meat, fruit and fermented product (Nunomura et al., 
1984).
Pyrroles represent a minor class of potential flavor-associated compounds. 
However, they possess unique organoleptic properties, e.g., a nutty, ethereal odor. In the 
present experiment, only pyrrol was determined in the concentration range of around 
lOppb, much lower than the GRAS level. FEMA (Flavor and Extract Manufacturer’s 
Association) indicated that as much as 3 ppm o f  pyrrol can be added in flavoring 
formulations (Maga, 1981b). A similar regulation exists for the pyridine, with a 
recommended amount in flavoring between 0.4~1.0 ppm (Maga, 1981a). This is nearly 
500 times higher than the concentration in crawfish.
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Considering the flavor changes in WP compared with TP, it is worthwhile noting 
that interactions between lipids and proteins/amino acids in all likelihood are important for 
the balance of typical crawfish flavor. This is based on the observation that typical 
crawfish aromas are found in flavor extracts from both WP and TP, although the WP and 
TP have different contents of lipids and proteins.
4.5: Comparison of Flavor Profiles between Crawfish Tail Puree Hydrolysate (TPH) 
and TP as its control
Preliminary experiments using protease APL-440 and investigation of optimum 
conditions for hydrolytic reaction by RSM have been discussed previously. After 
enzymatic hydrolysis by protease APL-440 under optimal conditions of pH 8.5, 
temperature 65 °C, and E/S ratio 0.3%, a total ion chromatogram of volatile flavor 
components in crawfish tail puree hydrolysate (TPH) was obtained (Fig. 16). The quantity 
of the identified flavors and their individual flavor comparisons are listed in Tables 12-13. 
Figure 15 shows the comparative result of three categorized flavor groups.
As shown in Table 12, the total amount o f 120 identified flavor compounds in TPH 
increased nearly 46% compared with TP.
Among the three flavor groups noted in Table 13, of particular note is the 
concentration increase in the oxidative flavor group and the thermal flavor group, which 
increased 2.8 times and 1.4 times, respectively.
In the oxidative flavor group, hexanal occurred at 73.52ppb in TPH, nearly 18 times 
higher than the concentration of 4.07ppb in TP. Other significant concentration increases 
in oxidative flavor group included heptanal (12.3 times), 2-pentyl-furan (6.0 times), and
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Table 12: Comparison o f Identified Volatile Flavors between Crawfish Tail Puree (TP) 
and Tail Puree Hydrolysate (TPH)
Peak Compounds RI d
TP 
Mean c 
(PPb)
a
RSD f
TPH
Mean
(PPb)
- b
RSD
1 2-pentanone 976 0.59 0.21 1.97 0.59
2 2,3-butanedione * 980 9.89 0.06 31.49 0.21
3 4-methyl-2-pentanone * 1012 0.42 0.07 0.02 1.73
4 a-pinene * 1017 6.83 0.15 3.47 0.21
5 l-penten-3-one * 1018 0.11 0.09 15.19 0.11
6 2-propyl-furan * 1028 0.21 0.05 3.43 0.30
7 methylbenzene * 1044 0.20 0.24 2.18 0.63
8 2-butenal * 1046.5 0.55 0.16 7.95 0.17
9 3-hexanone 1055.5 0.74 0.05 0.97 0.46
10 2,3-pentanedione * 1066.2 4.04 0.03 11.44 0.28
11 dimethyldisulfide 1080 0.79 0.25 1.65 0.57
12 2-hexanone * 1081 0.12 0.08 0.92 0.33
13 hexanal * 1088 4.07 0.06 73.53 0.11
14 2-methyl-2-butenal * 1101 0.81 0.13 1.46 0.22
15 3-pentanol * 1109 0.37 0.11 0.23 0.09
16 ethylbenzene * 1117 0.88 0.12 1.58 0.16
17 sabinene 1118 0.69 0.44 1.14 0.58
18 (E)-3-penten-2-one 1123 1.50 0.03 3.47 0.44
19 (E)-2-pentenal 1127 25.95 0.09 28.63 0.31
20 2-butylfuran * 1130 0.33 0.12 2.00 0.19
21 p-xylene 1136 0.91 0.13 1.81 0.63
22 1-butanol 1139 1.01 0.06 0.74 0.38
23 m-xylene 1141 3.30 0.09 5.04 0.43
24 2-methyl-2-pentenal * 1150 0.35 0.28 0.04 1.73
25 3-heptanone * 1153 1.21 0.06 0.35 0.65
26 7-oxabicyclo-[4,l,0]heptane * 1161 2.15 0.06 8.58 0.47
27 l-penten-3-ol * 1162 9.58 0.05 25.51 0.04
28 /?-myrcene * 1170 6.19 0.07 4.63 0.21
29 pyridine 1181 1.11 0.15 1.58 0.74
30 2-heptanone 1187 5.41 0.06 6.03 0.25
31 o-xylene 1191 0.34 0.06 1.94 1.09
32 heptanal * 1192 0.92 0.20 11.35 0.15
33 L-limonene * 1195 265.83 0.11 149.18 0.15
(table cont'd)
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34 3-methyl-butanol 1207 1.74 0.12 6.05 0.61
35 propylbenzene 1216 0.84 0.09 0.86 0.71
36 pyrazine 1219 1.38 0.23 2.21 0.56
37 (E)-2-hexenal * 1226 6.78 0.14 29.45 0.11
38 4-ethyltoluene 1228 0.45 0.22 0.76 0.68
39 3-ethyltoluene * 1230 0.29 0.37 2.23 0.15
40 2-pentyl-furan * 1236 4.70 0.09 28.42 0.35
41 1,3,5-trimethylbenzene * 1247 0.28 0.39 0.73 0.30
42 l-hexen-3-ol 1251 1.44 0.20 1.69 0.35
43 1-pentanol * 1252 7.57 0.07 15.92 0.36
44 3-octanone 1260 0.87 0.06 0.99 0.59
45 styrene 1264 1.18 0.28 3.20 0.58
46 2-ethyltoluene * 1269 0.31 0.06 0.77 0.39
47 l-methylthiopropanalc * 1272 1.31 0.25 15.68 0.66
48 2-methylpyrazine 1273 1.66 0.22 2.31 0.44
49 p-cymene 1279 0.66 0.22 0.55 1.12
50 2-ethylpyridine * 1289 0.34 0.06 2.21 0.47
51 1,2,4-trimethylbenzene * 1291 1.66 0.17 4.07 0.27
52 2-octanone 1293 1.00 0.06 1.25 0.76
53 3-hydroxy-2-butanone * 1295 1.74 0.06 5.88 0.23
54 octanal * 1297.5 0.58 0.26 10.52 0.11
55 (E)-2-penten-1 -ol 1309 3.46 0.03 7.69 0.57
56 (Z)-2-penten-1 -ol 1319 3.91 0.06 11.84 0.54
57 2,5-dimethylpyrazine * 1323 12.31 0.18 23.76 0.12
58 2,3-octadione c 1329 0.54 0.16 10.06 0.14
59 (E)-2-heptenal 1333 2.93 0.06 3.02 0.27
60 2,6-dimethylpyrazine * 1335 0.45 0.60 0.06 0.71
61 ethylpyrazine 1336 0.07 0.42 0.07 0.69
62 N,N-dimethyl formamide * 1336.2 0.71 0.13 0.00 0.00
63 6-methyl-5-hepen-2-one * 1341 30.54 0.08 19.98 0.17
64 1,2,3-trimethylbenzene * 1342 2.58 0.10 1.01 0.47
65 2,3-dimethylpyrazine * 1342.5 0.21 0.05 3.14 0.21
66 1-hexanol * 1358 9.64 0.12 4.68 0.61
67 (E)-hexen-ol 1382 0.31 0.06 0.34 0.34
68 2-ethyl-5-methylpyrazine 1384.5 0.25 0.22 0.26 0.23
69 dimethyltrisulfide 1385 4.10 0.40 1.65 1.16
70 2-nonanone 1395 3.79 0.17 4.41 0.02
71 2-ethyl-6-methylpyrazine * 1396 0.19 0.05 5.20 0.60
72 nonanal * 1397 7.75 0.27 22.06 0.29
73 cyclohexanol 1407 5.04 0.08 6.40 0.35
(table cont'd)
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74 (E,Z)-2,4-hexadienal 1410 0.30 0.26 1.09 0.75
75 2,3,5-trimethylpyrazine * 1411 0.47 0.06 4.70 0.30
76 (E,E)-2,4-hexadienal 1415 0.28 0.07 0.50 0.39
77 3-octen-2-one 1418 0.31 0.25 0.64 0.49
78 2-hexen-l-ol * 1420 0.23 0.04 0.70 0.44
79 (E)-2-octenal * 1436 3.80 0.20 22.10 0.37
80 2-cyclohexen-l-one * 1438 24.28 0.04 9.65 0.29
81 l-octen-3-ol * 1452 6.94 0.10 13.60 0.30
82 1,4-dichlorobenzene 1453 0.11 0.09 0.17 0.63
83 1-heptanol 1455 5.09 0.17 4.44 0.32
84 2-ethy 1-3,6-dimethy Ipyrazine 1460 0.04 0.00 0.04 0.25
85 1,2-dichlorocyclohexane * 1460.5 1.87 0.12 0.47 0.09
86 (E,Z)-2,4-heptadienal * 1476 1.57 0.40 2.96 0.24
87 2-ethyl- 1-hexanol * 1490 1.43 0.10 6.61 0.23
88 2-decanone 1498 1.88 0.03 2.55 0.43
89 (E,E)-2,4-heptadienal * 1502 32.44 0.14 68.29 0.30
90 3-nonen-2-one * 1517 1.56 0.17 2.69 0.23
91 pyrrol 1521 11.80 0.09 7.17 0.51
92 camphor 1525 3.23 0.23 5.34 0.46
93 benzaldehye 1533 10.93 0.05 38.63 0.70
94 (E)-nonenal * 1537 3.78 0.03 12.30 0.16
95 linalool 1554 5.05 0.08 4.50 0.65
96 1-octanol * 1562 2.33 0.16 5.38 0.17
97 (E,Z)-2,4-octadienal 1570 1.37 0.13 4.29 0.56
98 3,5-octadien-2-onec * 1575 6.01 0.06 27.65 0.08
99 (E,Z)-2,6-nonadienal * 1585 3.04 0.15 11.73 0.07
100 (E,E)-2,4-octadienal * 1587 7.22 0.03 18.07 0.38
101 2-undecanone 1609 6.66 0.10 4.98 0.09
102 (E)-2-decenal * 1640 1.60 0.13 0.23 0.63
103 2-acetylthiazole 1650 1.21 0.12 1.43 0.88
104 1-phenylethanone * 1655 0.57 0.05 1.29 0.11
105 2-chlorocyclohexanol * 1656 9.46 0.10 5.28 0.31
106 3-thiophenecarboxaldehyde * 1684 4.56 0.07 0.40 0.54
107 a-terpineol * 1694 33.00 0.12 21.73 0.23
108 endo-bomeol 1696 6.75 0.20 4.49 0.69
109 2-thiophenecarboxaldehyde * 1699 0.47 0.06 1.53 0.31
110 (E,E)-2,4-nonadienal 1701 0.83 0.06 0.63 0.71
111 [l,l'-biscyclopentyl]-2-one c 1718 0.19 0.05 0.50 0.67
112 naphthalene * 1749 7.73 0.14 2.27 1.03
113 (E,Z)-2,4-decadienal * 1767 0.42 0.07 2.59 0.34
(table cont'd)
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114 (EJE)-2,4-decadienal * 1817 10.55 0.30 27.91 0.23
115 methylnaphthalene * 1903 2.99 0.08 0.38 0.47
116 /Monone * 1948 0.43 0.23 3.65 0.31
117 benzothiazole * 1970 3.69 0.09 11.17 0.34
118 phenol 2012 0.72 0.36 1.74 0.60
119 4-methylphenol 2087 1.12 0.32 0.82 0.66
120 indole * 2444 1.50 0.26 4.58 0.33
Total 8 * 714.72 0.01 1043.5 0.01
a: TP = crawfish tail puree 
b: TPH = enzymatic crawfish tail puree 
c: tentatively identified 
d: retention index
e: arithmetic mean concentration of the compound based on triplicates analysis 
f: relative standard deviation 
: total amount of all identified compounds listed above 
: significantly different (p<0.05)
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Table 13: Comparison o f Three Categorized Flavor Groups Extracted by A-SDE 
between Crawfish Tail Puree (TP) and Tail Puree Hydrolysate (TPH)
Compounds RI c
TP a 
Mean d 
(PPb)
RSD e
TPH b 
Mean 
(PPb)
RSD
Thermal
dimethyl disulfide 1080 0.79 0.25 1.65 0.57
pyridine 1181 1.11 0.15 1.58 0.74
pyrazine 1219 1.38 0.23 2.21 0.56
1-methylthiopropanolf * 1272 1.31 0.25 15.68 0.66
2-methylpyrazine 1273 1.66 0.22 2.31 0.44
2,5-dimethylpyrazine * 1323 12.31 0.18 23.76 0.12
2,6-dimethylpyrazine * 1335 0.45 0.60 0.06 0.71
ethylpyrazine 1336 0.07 0.42 0.07 0.69
2-ethyl-5-methyl-pyrazine 1384.5 0.25 0.22 0.26 0.23
dimethyl trisulfide 1385 4.10 0.40 1.65 1.16
pyrrole 1521 11.80 0.09 7.17 0.51
2-acetylthiazole 1650 1.21 0.12 1.43 0.88
3-thiophenecarboxaldehyde * 1684 4.56 0.07 0.40 0.53
subtotal 8 * 41.00 0.05 58.24 0.15
total h 714.72 0.01 1043.49 0.01
percentage 1 0.06 0.06 0.06 0.15
Oxidative
2,3-butanedione * 980 9.89 0.06 31.49 0.21
2,3-pentanedione * 1066.2 4.04 0.03 11.44 0.28
hexanal * 1088 4.07 0.06 73.52 0.11
(E)-2-pentenal 1127 25.95 0.09 28.63 0.31
l-penten-3-ol * 1162 9.58 0.05 25.51 0.04
heptanal * 1192 0.92 0.20 11.35 0.15
2-pentyl-furan * 1236 4.70 0.09 28.42 0.35
(E)-2-heptenal 1333 2.93 0.06 3.02 0.27
nonanal * 1397 7.75 0.27 22.06 0.29
l-octen-3-ol * 1452 6.94 0.10 13.60 0.30
2,4-heptadienal * 1502 32.44 0.14 68.29 0.30
2,4-octadienal * 1587 7.22 0.03 18.07 0.38
2,4-decadienal * 1817 10.55 0.30 27.91 0.23
subtotal * 126.98 0.03 363.32 0.01
total * 714.72 0.01 1043.49 0.01
percentage * 0.18 0.03 0.35 0.02
(table cont'd)
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Metabolic
a-pinene * 1017 6.83 0.15 3.47 0.21
sabinene 1118 0.69 0.44 1.14 0.57
/?-myrcene * 1170 6.19 0.07 4.63 0.21
L-limonene * 1195 265.83 0.11 149.18 0.15
styrene 1264 1.18 0.28 3.20 0.58
camphor 1525 3.23 0.23 5.34 0.46
linalool 1554 5.05 0.08 4.50 0.65
a-terpineol * 1694 33.00 0.12 21.73 0.23
endo-bomeol 1696 6.75 0.20 4.49 0.69
naphthalene * 1749 7.73 0.14 2.27 1.03
methylnaphthalene * 1903 2.99 0.08 0.38 0.48
phenol 2012 0.72 0.36 1.74 0.60
subtotal * 340.19 0.07 202.07 0.14
total * 714.72 0.01 1043.49 0.01
percentage * 0.48 0.06 0.19 0.15
a: TP = crawfish tail puree
b: TPH = crawfish tail puree hydrolysate
c: retention index
d: arithmetic mean concentration of the compound based on triplicate analysis 
e: relative standard deviation 
f: tentatively identified
g: subtotal = sum of the categorized flavor group 
h: total = sum of the all identified compounds 
i: percentage = subtotal over total 
*: significantly different (P<0.05)
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Figure 15 : Comparison o f three categorized flavor groups extracted by 
A-SDE between crayfish tail purees (TP) and tail puree hydrolysate 
(TPH); TP= Tail Puree as control; TPH=Tail Puree Hydrolysate at 
optimum conditions of pH=8.5, Temp=65°C, E/S=0.3%, reaction time 
60min, substrate 33.3% (W/V)
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2,3-butanedione (3.2 times), as well as 2,3-pentanedione, nonanal, l-penten-3-ol, 2,4- 
decadienal, 2,4-octadienal, 2,4-heptadienal, l-octen-3-ol (2—3 times). In addition, 1- 
penten-3-one increased by 138 times, 2-butenal 14.5 times, (E)-2-hexenal 4.3 times, octanal 
18.1 times, (E)-octenal 5.8 times, (E)-2-nonenal 3.3 times, 3,5-octadien-2-one 4.6 times, 
(E,Z)-2,6-nonadienal 3.9 times. These results are consistent with the general flavor 
changes of cooked chicken after enzymatic hydrolysis by papain, in which Noleau et al. 
(1986) reported that the total amount of aldehydes, and more than 10 carbons aldehydes, 
increased after hydrolysis, while short chain aldehydes decreased. Similar to the 
comparison between WP and TP, 6-methyl-5-hepten-2-one and 2-cyclohexen-l-one again 
decreased by 35% and 60%, respectively. However, the reason for the decrease of these 
two compounds in TPH cannot be fully explained currently.
In the thermally-generated flavor group, the total amount of volatiles and certain 
individual compounds also show considerable increases, which include 1- 
methylthiopropanol by 12 folds, 2,5-dimethylpyrazine by 1.9 folds. However, dimethyl 
disulfide, dimethyl trisulfide, pyridine, pyrazine, 2-mthylpyrazine, pyrrole, ethylpyrazine. 
2-ethyl-5-methylpyrazine, and 2-acetylthiazole increased but not significantly. Other N- 
containing heterocyclic compounds, such as 2-ethylpyridine (6.5 times), 2,3- 
dimethylpyrazine (15 times), 2-ethyl-6-methylpyrazine (27.4 times), 2,3,5- 
trimethylpyrazine (10 times), benzothiazole (3 times), indole (3 times), apart from the 
aforementioned have shown significant increases.
It is worthwhile mentioning that benzothiazole is reported for the first time in 
crawfish. This compound was reported as imparting a rubber-like aroma and was
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considered to be an important flavor in crabmeat (Chung, 1994). Since this volatile was 
detected in each amino acid-fructose model system reaction (Amoldi et al., 1988), its 
formation may involve several mechanisms. Nevertheless, its concentration increase in 
TPH possibly is linked to the increased free amino acids after hydrolysis.
2-thiophenecarboxaIdehyde increased significantly (P<0.05) from 0.47 ppb to 1.53 
ppb. This flavor also has been found in roasted peanut, seafoods and model systems 
(Okumura., 1992; Zhang and Ho, 1991). In contrast, its isomer, 3- 
thiophenecarboxaldehyde decreased more than 90% from 4.56 ppb to 0.40 ppb. This 
suggests some factors, or different mechanisms, might exist involving formation of the 
above two isomers.
Although concentrations of alkylpyrazines and other thermally generated flavors 
increased, their relative ratio to the total amount of flavors is still low, i.e., 6%. This result 
is in agreement with that of 6.3% of alkylpyrazines in the total flavors from casein 
pancreatic hydrolysate heated with glucose (Zhang et al., 1992). This also suggests that, 
although the thermally-generated flavors in crawfish are proposed to be the major portion 
of crawfish flavors, due to their strong and unique sensory properties, they are not the only 
dominant flavor contributor because of their low ratios. However, the very strong nutty, 
roasted aromas usually accompanied with pyrazines in GC/O can not be perceived 
significantly in the crawfish flavor extract. This suggests that other flavors may have a 
synergistic effect with pyrazines and modify aroma properties o f pyrazines.
Indole is significantly higher in TPH than in TP (P<0.05). This compound was 
found abundantly amounts in crab and is described as desirable and a naphthalene-like
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aroma (Chung and Cadwallader, 1993), though this aroma alone impart unpleasant and 
musty flavor.
Compared with increased amounts of thermal and oxidative flavor groups, the 
amount of metabolic flavor group decreased significantly (P<0.05) after hydrolysis. 
Limonene decreased 44% from 265.8 ppb to 149.2 ppb, which is the major factor of 
decrease in the metabolic flavor group. a-Pinene, P-myrcene, a-terpineol, naphthalene, 
methylnaphthalene also showed significant decrease similar to their changes in WP 
(P<0.05). However, the reason for this decrease is not known. In addition, camphor and 
linalool did not exhibit significant differences between TPH and TP. Although the 
aforementioned terpenoid compounds are widely found in glycosidic type, and are readily 
released by acid and/or glycosidase hydrolysis, there is less possibility here for TPH to 
release those bound flavors since the TPH mixture was weakly basic and lacked additional 
glycosidase. Moreover, it also was reported that ratios of glycosidic to free flavors 
generally were less than 1 or even 10% (Wu et al., 1990). Therefore, the increased amount 
of bound terpenoids would be limited even if freed.
Phenol increased from 0.74ppb to 1.74ppb, possibly originating from the increase 
of free phenylalanine after hydrolysis to provide more precursor rather than its release from 
the bound type. Phenylalanine also is an important precursor for aromatic flavor 
compounds. However, aromatic hydrocarbons such as xylenes, toluenes, propylbenzenes 
and styrene do not show significant changes, except that 1,2,4-trimethylbenzene was 
observed with a significant increase in concentration. 1,2,4-trimethylbenzene together with 
1,2,4,5-tetramethylbenzene was reported to produce a naphthalene-like note in roasted beef
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fat, in which the former had a slight green aroma, and the latter a  light floral aroma (Min 
etal., 1977).
Inspite of the previously mentioned decreases or increases, TPH also resulted in 
changes for some compounds. 3-Hydroxy-2-butanone increased about 3.5 times in TPH. 
This compound generally was considered to be the intermediate flavor from degradation 
of sugars and lipids (Feather, 1989). 3-hydroxy-2-butanone also was regarded as an 
important source for formation of tetramethylypyrazine (Rizzi, 1988).
2,6-Nonadienal increased nearly 4 times. This aroma was reported to be from the 
isomeration of 3,6-nonadienal which could be generated from EPA oxidation (Hsieh and 
Kinsella, 1989). Like 2,6-nonadienal, 2-nonenal also increased about 4 times. However, 
this compound was derived from arachidonic acid. Both flavors give cucumber-like aroma 
and occurred in freshwater fish (Josephson et al., 1984a,b), e.g., 2,6-nonadienal was the 
most abundant aroma in menhaden oils (Lin et al., 1990).
P-Ionone increased markedly from 0.43ppb to 3.65ppb. This result, occurring in 
TPH, is attributed to the increased carotenoid released after enzymatic hydrolysis since 
carotenoids are one of the precursors of P-ionone and occur in a large amount in crawfish. 
Chen and Meyers (1983) reported that carotenoid pigment extraction from crawfish waste 
could be increased 58% after protease treatment due to the breakage of the carotenoid- 
protein linkage.
2-butylfuran, has a marked concentration increase in TPH and is identified here for 
the first time in crawfish. This volatile also was found in glycine-ribose-phospholipid 
model system studies (Salter et al., 1988).
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While there was a large concentration difference for benzaldehyde between TP and 
TPH, statistical analysis did not show a significant difference, which was due to a large 
variation of concentrations in triplicate analysis. Such a result sometimes occurs in flavor 
research due to the complex nature of the system and the multiple steps from extraction to 
analysis.
In general, the increase of aroma concentrations in TPH is believed to be in 
agreement with the increase of water soluble precursors after enzymatic hydrolysis. Since 
extracted flavors from TPH increased 46% compared with that of TP, and still imparted 
typical crawfish flavors, hydrolysis of crawfish tail puree is considered to be the best 
mechanism to enrich the crawfish flavors. Moreover, TPH also is considered to be a more 
appropriate raw material for flavor stock preparation than crawfish processing by-products 
(CPBs) since TPH leads to a higher degree of hydrolysis and is easier to prepare. Also, 
TPH has more potential possibilities to be developed into value-added products. These 
aspects will be discussed further in Section 4.10.
4.6: Comparison of Flavor Profiles between Fructose-added Crawfish Tail Puree 
(FTP) and TP as its Control
Fructose, 0.2% (W/W), was added to the crawfish tail puree to determine the (1) 
effect of reducing sugar on thermally-generated flavors; (2) potential flavor profile changes 
among purees, based on the previous report (Baek, 1994) that thermally-generated flavors 
were the dominant and characteristic flavor group in crawfish. A total ion chromatogram 
of the fructose-spiked (0.2%) tail puree (FTP) is shown in Figure 18. Tables 14-15 and 
Figure 17 show the comparison results of the flavor pattern between FTP and TP. Firstly,
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Table 14: Comparison of Identified Volatile Flavors Extracted by A-SDE between 
Crayfish Tail Puree (TP) and 0.2% Fructose-added Crawfish Tail Puree
Peak Compounds RI d
TP
M ean0
(ppb)
a
RSD*
FTP
MEAN
(ppb)
b
c v
1 2-pentanone 976 0.59 0.21 0.57 0.09
2 2,3-butanedione * 980 9.89 0.06 11.29 0.07
3 4-methyl-2-pentanone * 1012 0.42 0.07 0.16 0.39
4 a-pinene * 1017 6.83 0.15 4.85 0.15
5 l-penten-3-one * 1018 0.11 0.09 0.16 0.09
6 2-propyl-furan * 1028 0.21 0.05 0.29 0.17
7 methylbenzene * 1044 0.20 0.24 0.29 0.05
8 2-butenal * 1046.5 0.55 0.16 1.13 0.31
9 3-hexanone * 1055.5 0.74 0.05 0.34 0.30
10 2,3-pentanedione 1066.2 4.04 0.03 4.02 0.05
11 dimethyldisulfide 1080 0.79 0.25 1.01 0.19
12 2-hexanone * 1081 0.12 0.08 0.32 0.13
13 hexanal 1088 4.07 0.06 5.88 0.27
14 2-methyl-2-butenal * 1101 0.81 0.13 1.67 0.29
15 3-pentanol * 1109 0.37 0.11 0.78 0.15
16 ethylbenzene 1117 0.88 0.12 0.51 0.58
17 sabinene 1118 0.69 0.44 1.06 0.07
18 (E)-3-penten-2-one * 1123 1.50 0.03 2.24 0.12
19 (E)-2-pentenal * 1127 25.95 0.09 12.05 0.26
20 2-butylfuran c * 1130 0.33 0.12 0.03 0.03
21 p-xylene 1136 0.91 0.13 0.61 0.49
22 1-butanol * 1139 1.01 0.06 0.57 0.08
23 m-xylene * 1141 3.30 0.09 1.49 0.08
24 2-methyl-2-pentenal 1150 0.35 0.28 0.31 0.75
25 3-heptanone * 1153 1.21 0.06 0.26 0.08
26 7-oxabicyclo-[4,l,0]heptane * 1161 2.15 0.06 3.91 0.06
27 l-penten-3-ol 1162 9.58 0.05 11.64 0.20
28 /?-myrcene 1170 6.19 0.07 6.13 0.04
29 pyridine * 1181 1.11 0.15 1.43 0.13
30 2-heptanone * 1187 5.41 0.06 1.68 0.09
31 o-xylene * 1191 0.34 0.06 0.62 0.11
32 heptanal * 1192 0.92 0.20 1.90 0.19
33 L-limonene 1195 265.83 0.11 259.48 0.09
(table cont'd)
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34 3-methy 1-butanol * 1207 1.74 0.12 7.66 0.20
35 propylbenzene * 1216 0.84 0.09 0.37 0.65
36 pyrazine 1219 1.38 0.23 1.63 0.14
37 (E)-2-hexenal 1226 6.78 0.14 6.51 0.18
38 4-ethyltoluene 1228 0.45 0.22 0.30 0.08
39 3-ethyltoluene 1230 0.29 0.37 0.83 0.47
40 2-pentyl-furan * 1236 4.70 0.09 1.86 0.27
41 1,3,5-trimethylbenzene 1247 0.28 0.39 0.58 0.44
42 l-hexen-3-ol * 1251 1.44 0.20 2.13 0.10
43 1-pentanol 1252 7.57 0.07 6.64 0.06
44 3-octanone * 1260 0.87 0.06 0.41 0.08
45 styrene 1264 1.18 0.28 1.39 0.11
46 2-ethyltoluene 1269 0.31 0.06 0.50 0.24
47 1-methylthiopropanol c * 1272 1.31 0.25 4.23 0.17
48 2-methylpyrazine * 1273 1.66 0.22 16.13 0.06
49 p-cymene 1279 0.66 0.22 0.45 0.08
50 2-ethylpyridine 1289 0.34 0.06 0.70 0.31
51 1,2,4-trimethylbenzene 1291 1.66 0.17 2.11 0.19
52 2-octanone * 1293 1.00 0.06 0.48 0.13
53 3 -hydroxy-2-butanone * 1295 1.74 0.06 1.42 0.08
54 octanal 1297.5 0.58 0.26 0.38 0.08
55 (E)-2-penten-1 -ol 1309 3.46 0.03 3.96 0.09
56 (Z)-2-penten-l-ol * 1319 3.91 0.06 7.17 0.04
57 2,5-dimethylpyrazine * 1323 12.31 0.18 24.34 0.08
58 2,3-octadione c * 1329 0.54 0.16 1.91 0.31
59 (E)-2-heptenal * 1333 2.93 0.06 5.75 0.06
60 2,6-dimethylpyrazine * 1335 0.45 0.60 1.00 0.21
61 ethylpyrazine 1336 0.07 0.42 0.04 0.12
62 N,N-dimethyl fonnamide 1336.2 0.71 0.13 0.62 0.09
63 6-methy 1-5-hepen-2-one 1341 30.54 0.08 28.77 0.09
64 1,2,3-trimethylbenzene * 1342 2.58 0.10 0.76 0.09
65 2,3-dimethylpyrazine 1342.5 0.21 0.05 0.26 0.29
66 1-hexanol * 1358 9.64 0.12 2.64 0.17
67 (E)-3-hexen-ol * 1382 0.31 0.06 0.13 0.08
68 2-ethy 1-5 -methy Ipyrazine 1384.5 0.25 0.22 0.35 0.14
69 dimethyltrisulfide 1385 4.10 0.40 5.79 0.09
70 2-nonanone 1395 3.79 0.17 3.41 0.05
71 2-ethyl-6-methylpyrazine 1396 0.19 0.05 0.21 0.23
72 nonanal 1397 7.75 0.27 7.80 0.28
73 cyclohexanol * 1407 5.04 0.08 2.52 0.09
(table cont'd)
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74 (E,Z)-2,4-hexadienal * 1410 0.30 0.26 0.66 0.04
75 2,3,5-trimethylpyrazine 1411 0.47 0.06 0.66 0.17
76 (E,E)-2,4-hexadienal 1415 0.28 0.07 0.42 0.08
77 3-octen-2-one 1418 0.31 0.25 0.16 0.28
78 2-hexen-l-ol * 1420 0.23 0.04 1.09 0.13
79 (E)-2-octenal 1436 3.80 0.20 5.01 0.23
80 2-cyclohexen-l-one * 1438 24.28 0.04 8.54 0.08
81 l-octen-3-ol 1452 6.94 0.10 7.18 0.17
82 1,4-dichlorobenzene * 1453 0.11 0.09 0.18 0.09
83 1-heptanol * 1455 5.09 0.17 2.51 0.09
84 2-ethy 1-3,6-dimethylpyrazine 1460 0.04 0.00 0.04 0.00
85 1,2-dichlorocyclohexane * 1460.5 1.87 0.12 0.17 0.09
86 (E,Z)-2,4-heptadienal * 1476 1.57 0.40 7.37 0.20
87 2-ethyl-1 -hexanol 1490 1.43 0.10 1.32 0.08
88 2-decanone 1498 1.88 0.03 2.20 0.08
89 (E,E)-2,4-heptadienal 1502 32.44 0.14 38.05 0.08
90 3-nonen-2-one * 1517 1.56 0.17 0.69 0.45
91 pyrrol * 1521 11.80 0.09 9.51 0.13
92 camphor * 1525 3.23 0.23 2.42 0.09
93 benzaldehye * 1533 10.93 0.05 6.16 0.06
94 (E)-2-nonenal 1537 3.78 0.03 3.34 0.08
95 linalool 1554 5.05 0.08 4.88 0.11
96 1-octanol 1562 2.33 0.16 2.97 0.15
97 (E,Z)-2,4-octadienal * 1570 1.37 0.13 2.56 0.08
98 3,5-octadien-2-one c * 1575 6.01 0.06 2.17 0.09
99 (E,Z)-2,6-nonadienal * 1585 3.04 0.15 0.47 0.46
100 (E,E)-2,4-octadienal 1587 7.22 0.03 7.35 0.08
101 2-undecanone 1609 6.66 0.10 5.85 0.08
102 (E)-2-decenal 1640 1.60 0.13 0.57 0.09
103 2-acetylthiazole 1650 1.21 0.12 1.40 0.16
104 1 -pheny lethanone 1655 0.57 0.05 0.54 0.19
105 2-chlorocyclohexanol 1656 9.46 0.10 8.21 0.08
106 3 -thiophenecarboxaldehy de 1684 4.56 0.07 4.28 0.09
107 a-terpineol 1694 33.00 0.12 35.58 0.04
108 endo-bomeol 1696 6.75 0.20 7.69 0.08
109 2-thiophenecarboxaldehyde 1699 0.47 0.06 0.45 0.08
110 (E,E)-2,4-nonadienal * 1701 0.83 0.06 0.28 0.44
111 [1,1 '-biscyclopentyl]-2-one c * 1718 0.19 0.05 4.40 0.11
112 naphthalene 1749 7.73 0.14 7.09 0.16
113 (E,Z)-2,4-decadienal * 1767 0.42 0.07 1.83 0.15
(table cont'd)
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114 (E,E)-2,4-decadienal * 1817 10.55 0.30 14.15 0.05
115 methylnaphthalene 1903 2.99 0.08 3.29 0.09
116 y?-ionone * 1948 0.43 0.23 0.93 0.08
117 benzothiazole * 1970 3.69 0.09 2.61 0.17
118 phenol 2012 0.72 0.36 0.43 0.09
119 4-methylphenol * 2087 1.12 0.32 0.41 0.08
120 indole 2444 1.50 0.26 1.68 0.08
to ta l8 714.72 0.01 712.58 0.01
a: TP = crawfish tail puree
b: FTP =crawfish tail puree with addition of 0.2% fructose 
c: tentatively identified 
d: retention index
e: arithmetic mean concentration of the compound based on triplicates analysis 
f: relative standard deviation
g: total amount of all identified compounds listed above 
*: significantly different (p<0.05)
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Table 15: Comparison of Three Categorized Flavor Groups Extracted by A-SDE 
between 0.2% Fructose-added Crawfish Tail Puree (FTP) and Tail Puree (TP)
Compounds R IC
TP 
Mean d 
(PPb)
a
RSD e
FTP
Mean
(PPb)
b
RSD
Therm al
dimethyl disulfide 1080 0.79 0.25 1.01 0.19
pyridine * 1181 1.11 0.15 1.43 0.12
pyrazine 1219 1.38 0.23 1.63 0.14
1-methyIthiopropanolf * 1272 1.31 0.25 4.23 0.17
2-methylpyrazine * 1273 1.66 0.22 16.13 0.06
2,5-dimethylpyrazine * 1323 12.31 0.18 24.34 0.08
2,6-dimethylpyrazine * 1335 0.45 0.60 1.00 0.21
ethylpyrazine 1336 0.07 0.42 0.04 0.13
2-ethyl-5-methyl-pyrazine * 1384.5 0.25 0.22 0.35 0.14
dimethyl trisulfide 1385 4.10 0.40 5.79 0.09
pyrrole * 1521 11.80 0.09 9.51 0.13
2-acetylthiazole 1650 1.21 0.12 1.40 0.16
3-thiophenecarboxaldehyde 1684 4.56 0.07 4.28 0.09
subtotal 8 * 41.00 0.05 71.15 0.06
total h 714.72 0.01 712.58 0.01
percentage' * 0.06 0.06 0.10 0.07
Oxidative
2,3-butanedione * 980 9.89 0.06 11.29 0.07
2,3-pentanedione 1066.2 4.04 0.03 4.02 0.05
hexanal 1088 4.07 0.06 5.88 0.27
(E)-2-pentenal * 1127 25.95 0.09 12.05 0.26
l-penten-3-ol 1162 9.58 0.05 11.64 0.20
heptanal * 1192 0.92 0.20 1.90 0.19
2-pentyl-furan * 1236 4.70 0.09 1.86 0.27
(E)-2-heptenal * 1333 2.93 0.06 5.75 0.06
nonanal 1397 7.75 0.27 7.80 0.28
l-octen-3-ol 1452 6.94 0.10 7.18 0.17
2,4-heptadienal 1502 32.44 0.14 38.05 0.08
2,4-octadienal 1587 7.22 0.03 7.35 0.08
2,4-decadienal 1817 10.55 0.30 14.15 0.05
subtotal 126.98 0.03 128.92 0.01
total 714.72 0.01 712.58 0.01
percentage 0.18 0.03 0.18 0.02
(table cont'd)
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Metabolic
a-pinene * 1017 6.83 0.15 4.85 0.15
sabinene 1118 0.69 0.44 1.06 0.07
B-myrcene 1170 6.19 0.07 6.13 0.04
L-limonene 1195 265.83 0.11 259.48 0.09
styrene 1264 1.18 0.28 1.39 0.11
camphor * 1525 3.23 0.23 2.21 0.08
linalool 1554 5.05 0.08 4.88 0.11
a-terpineol 1694 33.00 0.12 35.58 0.04
endo-bomeol 1696 6.75 0.20 7.69 0.08
naphthalene 1749 7.73 0.14 7.09 0.16
methylnaphthalene 1903 2.99 0.08 3.29 0.09
phenol 2012 0.72 0.36 0.43 0.09
subtotal 340.19 0.07 334.06 0.06
total 714.72 0.01 712.58 0.01
percentage 0.48 0.06 0.47 0.06
a: TP = crawfish tail puree
b: FTP = 0.2% fructose added crawfish tail puree
c: retention index
d: arithmetic mean concentration of the compound based on triplicate analysis 
e: relative standard deviation 
f: tentatively identified
g: subtotal = sum of the categorized flavor group 
h: total = sum of the all identified compounds 
i: percentage =subtotal over total 
*: mean values are significantly different (P<0.05)
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□  TP ■  FTP
Figure 17: Comparison of three categorized flavor groups
extracted by A-SDE from 0.2% fructose-added crawfish tail 
puree (FTP) and its control (TP); FTP=0.2% Fructose-added Tail 
Puree; TP= Tail Puree
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it was found that the general flavor profiles between FTP and TP did not show significant 
changes from either the GC/O or the quantitative analysis of the total 120 flavor 
compounds (P<0.05). Secondly, the oxidative flavor group and metabolic flavor group 
evidenced no significant changes except for a few compounds. For example, in the 
oxidative flavor group, only 2,3-butanedione, heptanal and (E)-2-heptenal increased less 
than 2 times, while (E)-2-pentenal and 2-pentylfuran decreased about 2 times. Moreover, 
in the metabolic flavor group, only a-pinene and camphor decreased while other 
compounds showed no significant changes. Thirdly, the amount of aromas in the thermal 
flavor group, especially the pyrazine derivatives, had significant increases (P<0.05), which 
is dissimilar to the other two flavor groups. For instance, 2-methylpyrazine increased 9.8 
fold, 2,5-dimethylpyrazine 2 fold, 2,6-dimethylpyrazine 2 times.
Moreover, an interesting result from current experiment was that some new strong 
nutty, smoky, and roasted flavors were detected in FTP by GC/O distinguishing FTP from 
other processed crawfish purees (i.e. WP, TP, TPH) because o f their very low thresholds. 
Unfortunately, these compounds still can not be identified due to their extremely low 
concentrations.
In addition, 2-heptanone, 2-octanone, 2-cyciohexen-l-one, 3,5-octadien-2-one, and
1-hexanol decreased significantly (2~4 times) in different concentration ranges. Whereas 
the opposite occurred for (E,Z)-heptadienal and (E,Z)-2,4-decadienal, in that both of these 
flavors increased approximately 4~5 times. However, the effect o f the fructose on these 
compounds can not be clearly judged because these compounds can also be derived from 
lipids (Lin, 1994).
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Bromophenols, reported to impart salty-sea-air and iodoform-like odors, are 
considered to be important in the flavor o f some marine fish and Crustacea such as prawn 
(Whitfield et al., 1988; Boyle et al.,1992). Among the bromophenols, 2,6-dibromophenol 
is the strongest aroma with an odor threshold of 0.0005ppb in water. However, only trace 
amounts of 2-bromophenol were detected by selected ion monitor (SIM) in crawfish purees 
in the present study. In addition, there were no perceivable aromas from GC/O. It is 
evident from these results that bromophenols do not contribute significantly to the aroma 
of crawfish as has been shown with Australia prawns (Whitfield et al., 1988).
4.7: Flavors in Glycerol-Cysteine Model System
Undoubtably, lipids are the major food flavor contributors. However, glycerol as 
a “backbone” of lipid, has attracted very little interest in its role in contribution of flavors 
due to its thermal and chemical stability (Newman, 1968). Also, there are very few 
published flavor-related research articles that relate directly or indirectly to glycerol. 
Shibamoto and Bernhard (1977) reported that, in a glycerol-ammonia model reaction at 
100°C for 2 hours, aromas produced were only pyrazine and 2-methylpyrazine, each of 
which accounted for 71% and 29%, respectively. While their yields were very low relative 
to the glycerol used, this reaction is significant in that glycerol is suggested to have 
participated in the reaction as a source o f carbon. Glycerol also was used as the solvent in 
cysteine/cystine-carbonyl model reaction systems (Okumura et al., 1990, 1993).
To test the possibility of formation of interesting flavors from glycerol and cysteine 
at high temperatures, which is common in food baking and frying, the present experiment 
was designed (Chap. 3, section 8). Figure 19 shows the total ion chromatogram of flavors
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Table 16: Quantitative Data of Flavors from Glycerol-cysteine Model Reaction System
Peak Compounds Ions Area ratio
1 methylpyridine 111,112,97,79 16374648 0.072
2 2-mthylthiazole 58,99 19080136 0.0839
3 thiazole 85,58 13783053 0.0606
4 methylpyrazine 94,67 2596660 0.0114
5 ethylthiophene 97,112 11396800 0.0501
6 5-methylthizole 99,71,72,45,59 2736400 0.012
7 5-ethyl-2methylthizole 113,98,71,1114 33362123 0.1467
8 3,5-dimethy-l ,2,4-trithiolanea 59,152,92,64,45 47758086 0.2099
9 3,5-dimethy-l,2,4-trithiolaneb 59,152,92,64,46 52121897 0.2291
10 2-acetylthiazole 43,99,127,112,58 13788989 0.0606
11 3,6-dimethl-l ,2,4,5,-tetrathiane 59,60,184,124 14478267 0.0636
total 227477059 1
Note: superscripts a and b represent two isomers
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extracted from the glycerol-cysteine reaction. Table 16 lists the results o f quantitative 
analysis o f identified compounds from this study. Among the flavors, most are the 
unsaturated heterocyclic compounds including thiazoles, thiophenes, pyrazines and 
pyridines, as well as some polysulfide compounds.
3,5 -dimethyl-1,2,4-trithio lanes (two isomers) were tentatively identified as the 
dominant compounds that comprised approximately 45% o f the amount o f flavors listed. 
These two compounds were reported to possess an aroma described as boiled onions, 
petroleum, thiophene-like flavor (Kubota et al., 1980; Hincelin et al., 1992) and was 
suggested to be formed through the reaction of acetaldehyde and hydrogen sulfide. These 
compounds also were found in the thermal degradation of cystine and cysteine (Shu et al., 
1985a,b), the xylose-thiamine reaction (Hincelin et al., 1992), shrimp (choi et al., 1983; 
Cha and Cadwallader, 1995) and krill (Kubota et al., 1980). However, they could not be 
detected in crawfish in the present study.
5-ethyl-2-methylthiazole is in the second most abundant and has been reported in 
coffee (Shankaranarayana, 1986). 2-acetylthiazole is very common in S-containing 
Maillard reaction models or thermally processed foods. However, it raises the question of 
the source of oxygen in the reaction or whether it originated from glycerol, since glycerol 
was heated over 100°C before the reaction and continuously was purged by nitrogen during 
the reaction. Comparative phenomena were observed by Onyewu (et al., 1989). They 
reported that many oxygenated compounds were produced in thermal decomposition of p- 
carotene dissolved in glycerol in spite o f the carefully designed experiment to minimize 
oxygen and light. The investigators suggested that the residual oxygen could be from
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nitrogen purging gas or was trapped in reactants. Methylpyrazine, thiazole, 
methylpyridine, and 2-methyIthiazoIe are ubiquitous in thermally processed foods and the 
Maillard reactions containing sulfurous amino acids (Okumura, 1993). Except for 2- 
methylthiazole, which has a green vegetable odor, the other three flavors have been found 
in crawfish.
5-methylthiazole has the lowest concentration in the current model reaction. This 
flavor also was found in anchovy (Cha and Cadwallader, 1995). 5-methylthiazole, together 
with 2-ethylthiophene, were synthesized in the model reaction of glucose-hydrogen sulfide- 
ammonia (Shibamoto and Russell, 1977). However, unlike the thiazoles, it was reported 
that the formation of thiophenes was not affected by the water content in the reaction 
medium (Okumura, 1993).
The more interesting flavor compound from this model is 3,6-dimethyl-1,2,4,5- 
tetrathiane. This compound was found to be a thermal degradation product of cystine and 
cysteine (Shu et al., 1985a,b) and in the reaction of p-mercaptoacetaldehyde and 
ammonium sulfide (Hwang et al., 1986). Like 3,5-dimethyl-1,2,4-trithiolane, this trithiane 
also was suggested to originate from the reaction of acetaldehyde and hydrogen sulfide.
In addition, the color of the present reaction mixture changed from colorless to 
yellow, then brown, and finally dark brown as the reaction progressed. This color change 
is closely related to classical browning reactions. However, the reaction mixture obtained 
from this experiment was not subjected to rigorous sensory panel evaluation because it was 
observed that the products gave a strong nutty and undesirable onion, garlic-like, sulfury 
notes. Also, the role o f glycerol in flavor contribution to foods is still not clear because
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there were no strong evidence o f the identified flavors aforementioned that were directly 
derived from glycerol.
4.8: Principal Component Analysis (PCA)
The quantitative flavor data obtained from GC/MS were evaluated statistically by 
PCA. In the current PCA, association between four samples (WP, TP, TPH, FTP, each one 
in triplicate) and variables (38 volatile compounds categorized into 3 chemical groups) was 
studied. Based on linear relationships o f flavor components as affected by treatments, 
combinations are established that account for the greatest amount of observed effects. 
These combinations are defined as principal component. The PCA sample plot along the 
first two axes is shown in Figure 20. These first two principal components accounted for 
99% of the total data information.
In Figure 20, the flavor profile relationships of four samples are clearly exhibited 
in three groupings. TP and FTP are closely plotted in the same area as one grouping. That 
means that these two samples lack significant difference with regard to chemical 
composition. In contrast, WP and TPH are isolated from each other in the other two 
groupings. Also, both deviated from TP and FTP. This implies that WP and TPH not only 
are different from each other but also different from TP and FTP. These results are 
consistent with those obtained from the previous flavor profile quantitative analysis, in 
which based on the comparison with TP, WP had a significant concentration increase of 
oxidative flavors and decrease of metabolic flavors; TPH had a significant increase o f total 
amount of flavors; FTP lacked the significant changes except for some thermally-generated 
flavors. These notable differences were dissociated into PCA graphics (Fig. 20) that the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
140
Eigenvalues of the Covariance Matrix 
Proportion Cumulative 
prinl 0.72917 0.72917
prin2 0.26270 0.99187
200
TPH150
100 vWP
c
-50 FTP
-100 TP
-150
-200
-130 -80 -30 20 70 120
prin2
Figure 20: Plot o f the crawfish purees in the plane defined by the 
first two principal components. TP=crawfish tail puree; WP= 
crawfish whole-animal puree; TPH= enzymatic crawfish tail puree; 
FTP = 0.2% fructose-added crawfish puree
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first principal component accounted for 72.9% o f the total variance while the second 
principal component accounted for 26.3% of the total variance.
PCA successfully allow differentiation o f the crawfish purees under various
processing methods, which is extremely difficult using other traditional one-variable
comparison. However, the limitation of the current study of PCA is that the variables were
composed only of the flavor quantitative data classified into three flavor groups, but lacked
combined flavor intensity data from GC/O and AEDA. This indicated that the
differentiation of different crawfish purees depends on the concentrations o f each volatile
components, but not on their aroma contributions. In fact, the olfactory response o f flavors
depends both on flavor concentration and corresponding aroma intensity. For example,
differences between crawfish purees are considerably influenced by the amount of
limonene, although this volatile compound has less contribution to the total flavor than
pyrazines, which give strong flavor intensities. As yet, there are experimental design
limitations in the effort to combine these two flavor factors (i.e., flavor concentration and
aroma intensity) into one mathematical model. This is not reasonable because these two
flavor factors are different in nature in which the former has a dimensional unit (ppb) and
the latter is dimensionless. Nevertheless, this limitation was compensated by separately
determining and plotting the intensities of flavors in crawfish purees using AEDA.
4.9: Gas Chromatography/Olfactometry (GC/O) and Aroma Extract Dilution 
Analysis (AEDA) of Flavor Intensities
Based on previous and current studies on crawfish flavors, a wide range o f volatile 
aroma components have been isolated and identified. However, except for the methional
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Figure 21: AEDA aromagrams of aroma intensities in TP and WP 
A: TP=Crawfish tail puree 
B: WP=Crawfish whole-animal puree
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D: FTP 0.2% fructose-added crawfish tail puree
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(3-methylthio-propanal), no other compounds with the unique aroma of crawfish meat have 
been found. Therefore, it seems likely that crawfish meat flavors, similar to many other 
foods, depend upon a subtle quantitative balance o f various components or some similar 
groups of flavors. The procedure to test this hypothesis is by using the AEDA method. 
Figs. 21 and 22 exhibit the aroma intensities o f identified flavors, which include some 
unknown flavors. Flavor description and their thresholds are listed in Appendix 1. To 
simplify and facilitate the following discussion o f comparison of important flavors, those 
flavors with an average log2(FD-factor) less than 2 will not be discussed. However, their 
intensities and position are still labeled in the AEDA plot for conveniences o f future 
research. It also should be noted that this data reduction criterion is objective and used 
merely for the convenience o f following discussion since to the knowledge of this 
investigator, there are no available references.
In Figure 21, the flavor profiles of TP and WP look similar before the retention 
index (RI) 1100 and after the RI 1600. The significant difference between them is within 
the retention index 1300 to 1500, where peak 59 and an unknown peak B2 have strong 
aroma intensity in WP but not in TP. Peak 59 was identified as (E)-2-heptenal. This 
compound is among the strongest aromas detected in WP (8.18ppb), though its aroma 
intensity in TP is medium (2.93ppb). Guadagni et al. (1972) reported the threshold of 2- 
heptenal to be 0.2ppb, with a characteristic pungent green note.
Peaks 107,112,118,119, which were identified as a-terpineol, naphthalene, phenol, 
and 4-methyIphenol, respectively, and an unknown peak A2/B3, all were detected in both 
TP and WP with very close intensities. Among these compounds, a-terpineol gave green,
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floral and sweet aroma notes. Phenol, and 4-methylphenol both imparted phenolic flavors. 
Of interest is that phenol and 4-methylphenol also exist in red meats and were reported in 
cattle as “sheepy” and “piggy” aroma, respectively (Ha and Lindsay, 1991). Naphthalene 
gave a strong mothball to marine, seaweed-like note. While these compounds are 
considered as undesirable off-flavors, alone, from gas chromatography/olfactory, their 
aroma intensities are diminished, masked and/or modified by other flavors when they are 
mixed into the crawfish tail puree. Comparable results also were obtained for 
bromophenols in prawn (Boyle et al., 1992a,b), where undesirable bromophenols’ 
intensities decreased. However, the existence o f these aromatic flavors in crawfish can still 
be perceived after the food has been swallowed, imparting a grassy, chemical aroma. This 
result suggests that the crawfish flavors function in a synergistic manner.
2,3-butanedione, labeled as peak 2, also is important in imparting a sour, buttery 
aroma (Fig. 22). 2,3-butanedione has been reported with a threshold of 2.6ppb in water 
(Fors, 1983) and was suggested as a product o f the Maillard reaction. Chung and 
Cadwallader (1993) reported that 2,3-butanedione was in high concentration and among 
the most important flavors in crab meat.
Unfortunately, several peaks cannot be identified in Fig. 21. Peak A, in TP imparts 
a nutty, roasted flavor. Similarly, peak A2/B3 detected in both TP and WP also gave a 
strong nutty, roasted, burning note. In contrast, peak B2 had a nutty, milk-like to grassy 
flavor.
Comparing TP and WP in Fig. 21, TPH and FTP in Fig. 22 showed stronger peaks. 
Besides peaks shown in WP and TP, the significant change in TPH is the “pop-up” peaks
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of 13,93 and 116, which are identified as hexanal, benzaldehyde and P-ionone. Hexanal 
was detected in both TPH and WP, but only in very weak intensity in TP and FTP. In 
contrast, benzaldehyde was found only in TPH with a strong almond flavor. P-ionone was 
detected as a floral, balsamic aroma.
2-acetyl-1-pyrroline (2-AP) was believed to exist in FTP according to its 
characteristic popcom-like, nutty aroma and its retention index, which was labeled as peak 
D3 in RI 1335 under the present chromatographic conditions (Fig. 22). This compound was 
found in Louisiana aromatic Della rice (Lin et al., 1990), popcorn (Schieberle, 1989), 
crawfish (Baek, 1994) and crabmeat (Chung, 1994), and was suggested to be formed from 
the reaction of proline and a sugar degradation product (Schieberle, 1989). Also, Buttery 
et al. (1983) reported the odor threshold of 2-AP to be O.lppb. Peak C4/D7 also exhibited 
a strong roasted aroma in both TPH and FTP, but this compound still cannot be identified. 
In FTP, two particular flavors D, and D imparted rancid, moldy and soy sauce notes. 
These two compounds, still unidentified, can not be sniffed in the other three crawfish 
purees.
It is worthwhile noting that many phenolic, medicinal, musty compounds were 
detected in all crawfish samples after the RI 2100 labeled with shadowed area and capital 
“U” (Figs. 21 and 22). Those compounds usually do not give a sharp, short-time aroma 
response, rather, the aromas can last for one or more minutes. Therefore, it is difficult to 
identify their exact positions (retention indices), intensities, and to differentiate them from 
other flavors. Moreover, the lack of authentic flavors to match those aromas also raise 
difficulties for flavor identification. However, according to the MS spectrum, their high
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RI values and aroma descriptions, those “U” labeled unknown compounds are suggested 
to comprise alkylphenols and naphthalenes, thresholds of which can be as low as lppb in 
air (Ha and Lindsay, 1991). Ha and Lindsay (1991) also suggested that p-cresol and 3 
and/or 4-ethylphenol combined with 3-methylbutanoic acid, provided pork-like flavor. In 
fact, free phenols have been identified widely in red meats, fish, dairy products and plants, 
and are generally believed to be derived from plant materials. The aromatic nature of the 
lignin molecule makes this polymer an attractive potential precursor for phenols. For 
example, phenol and 4-methylphenol could be produced from lignin in ruminants where 
rumen microflora contain ligninase and associated enzymes to degrade the lignin. In 
addition, diterpene hydrocarbon precursors may be the more significant precursor of 
alkylphenols than lignin. Other higher molecular weight intermediates o f terpene 
biosynthesis may also be present in plant materials and provide suitable structures for 
precursors o f many alkyphenols. Tyrosine is another potential precursor.
While the crawfish purees (i.e., TP, WP, TPH, FTP) have exhibited specific 
characteristics, they also share a very similar profile including some major and minor 
flavors. These results not only are consistent with the chromatographic quantitative and 
qualitative results, but also are in agreement with the statistical PCA analysis.
4.10: Shelf Life Study of Crawfish Tail Puree (TP) and Perspective of its Application
The crawfish tail puree (TP) was kept under refrigeration conditions at -28 °C and 
in vacuum package for 6 months duration in a shelf life study. The changes of lipid- 
derived flavors in TP was selected as the shelf life index. Thus, the comparison of flavors 
between fresh TP and 6-month-stored TP (TP6) is listed in the following (Table 17).
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Table 17: Comparison of Oxidative Flavors Extracted by A-SDE between Fresh and 
6 Month Stored Crawfish Tail Purees
Compounds R I0
TP 
Mean d 
(PPb)
a
RSD e
TP6
Mean
(PPb)
b
RSD
Oxidative
2,3-butanedione * 980 9.89 0.06 11.29 0.15
2,3-pentanedione 1066.2 4.04 0.03 4.12 0.05
hexanal 1088 4.07 0.06 5.88 0.17
(E)-2-pentenal 1127 25.95 0.09 22.05 0.16
l-penten-3-ol 1162 9.58 0.05 11.61 0.20
heptanal * 1192 0.92 0.20 1.06 0.19
2-pentyl-furan * 1236 4.70 0.09 1.86 0.17
(E)-2-heptenal 1333 2.93 0.06 3.58 0.11
nonanal 1397 7.75 0.27 7.95 0.28
l-octen-3-ol * 1452 6.94 0.10 3.54 0.17
2,4-heptadienal 1502 32.44 0.14 30.23 0.08
2,4-octadienal 1587 7.22 0.03 7.10 0.08
2,4-decadienal 1817 10.55 0.30 12.15 0.10
totalf 126.98 0.03 128.92 0.01
a: TP = fresh crawfish tail puree
b: TP6= crawfish tail puree after 6 months storage
c: retention index
d: arithmetic mean concentration of the compound based on triplicate analysis
e: relative standard deviation
f: subtotal = sum of the categorized flavor group
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As seen in Table 17, only 2,3-butanedione and heptanal had a significant increase 
in concentrations while the other compounds did not show any significant changes. In 
addition, the color o f crawfish tail puree after 6 month storage still maintained a bright 
reddish color similar to that o f the fresh TP. These results were attributed mainly to the 
naturally powerful antioxidant astaxanthin, which acts as both an effective pigment and a 
strong inhibitor o f lipid peroxidation (Meyers, 1994). These results also suggest that the 
shelf life o f crawfish tail puree may be extended to 6 months if  the vacuum-packaged 
crawfish TP was kept under freezer conditions at -28 °C. This result is most encouraging 
for ultimate utilization of undersized crawfish since freshness of crawfish is the most 
important factor for commercialization according to the market analysis of new crawfish 
tail puree products from undersized crawfish (Ozayan, 1997). Thus, it is important that 
collection and processing o f crawfish puree is kept to minimum time. Ideally, puree 
preparation will be conducted at the processing plant itself, reducing the total time to puree 
producing from 2-3 hours to less than 1 hour. Currently, development of undersized 
crawfish puree products are attracting the attention of food scientists in the Department of 
Food Science, LSU, who are now conducting a project to made commercial minced-meat 
crawfish patties and to critically analyze sensory aspects o f such products.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
Louisiana is recognized for its large and economically valuable production of 
crawfish and its colorful crawfish heritage. However, environmental concerns also play 
a major role in proper utilization of crawfish processing waste into value-added products. 
The present research has focused on the following objectives: (1) testing of a selected 
protease (enzyme APL-440) and optimization of enzymatic hydrolysis conditions for 
crawfish tail puree using response surface methodology (RSM); (2) identification of the 
potential crawfish impact flavors using instrumental analysis (GC/MS); (3) comparison and 
confirmation of quantitative and qualitative differences between the flavor profiles of 
crawfish tail puree (TP), crawfish whole-animal puree (WP), crawfish tail puree 
hydrolysate (TPH), and fructose-added crawfish tail puree (FTP) obtained from GC/MS 
and gas chromatography/olfactometry (GC/O) with the aid of ANOVA and multivariate 
(PCA) statistical methods; (4) investigation of new sources of compounds from the 
Maillard reaction involving glycerol and cysteine.
Based on the results obtained, relevant information, including some new and 
extremely encouraging findings, is summarized here.
The enzymatic hydrolysis of crawfish tail puree (TP), compared with the hydrolysis 
of crawfish processing by-products (CPBs), resulted in a higher degree o f hydrolysis (DH), 
even with a shorter reaction time. This can be attributed to the higher concentration of
150
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more readily hydrolyzed proteins in TPs than in CPBs. Moreover, crawfish tail puree was 
easier to prepare and collect, and had a more concentrated aroma than CPBs, especially 
after hydrolysis. Therefore, it is more realistic and economically feasible to use undersized 
crawfish tail puree as the potential starting material for preparation of flavor stocks.
The advantages of response surface methodology (RSM) in optimization of 
hydrolysis conditions are that it reduced experimental requirements, yet more accurately 
revealed the optimum conditions using 2D contour plot and 3D surface response plots. In 
addition, the RSM method simultaneously revealed the important variables and their 
interactions. In selection of the temperature, pH, and E/S (enzyme/substrate) ratio as 
independent variables and DH as the dependent variable, RSM has shown that the optimal 
conditions for enzymatic hydrolysis of crawfish tail were pH 8~9, 65 °C, and 0.3% (V/W) 
E/S ratio with the 60 minutes reaction time of 33.3% (W/V) TP.
Processing and storage time affected the lipid oxidation of crawfish. Both A-SDE 
and V-SDE flavor extracts were determined to have higher lipid degradation flavor 
components in samples with 48 hours storage time than with 24 hours storage time. Thus, 
reduced storage time yielded superior raw crawfish material for preparation of crawfish 
flavors. The experiment also showed that, although there were slight oxidized off-flavors 
in the sample stored within 48 hours at 4°C, no significant differences were noted between 
desirable flavor extracts of the samples with 48,36, and 24 hours of storage time after par­
boiling and solvent extraction. The crawfish tail puree, up to 48 hours of storage, was still 
suitable for flavor extraction. Meanwhile, the A-SDE method appeared to be more suitable 
than V-SDE for the flavor profile analysis since V-SDE resulted in larger variance in
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quantitative determination due to its temperature instability during flavor extraction. In 
addition, the shelf life study showed that crawfish tail puree (sample C with 24 hours) 
could retain its acceptable properties such as flavor and color for up to 6 months if kept at 
-28 °C and in a vacuum package. This result probably could be largely attributed to the 
existence o f the natural antioxidant carotenoid astaxanthin diffused throughout the crawfish 
puree after processing (Meyers, 1994).
One hundred and twenty volatile compounds were identified by gas 
chromatography/mass spectrometry (GC/MS) from crawfish purees, including 24 
aldehydes, 25 ketones, 19 alcohols, 15 nitrogen-containing volatiles, 7 sulfur-containing 
volatiles, 24 aromatics, and 6 miscellaneous. Among these flavors, some terpenic, 
oxidative, and thermal flavors are reported for the first time in crawfish. The presence of 
large concentrations o f such flavors in crawfish warranted categorizing 38 out of 120 
identified flavors into (1) metabolic flavor group, including terpenic and aromatic 
compounds, (2) thermal flavor group, including the thermally-generated flavors, and (3) 
oxidative flavor group, including the lipid degradation volatile compounds. This 
classification, based on the flavor source, chemical nature, aroma similarity, and their 
amount, is arbitrary since no information is available with regard to the relationship of 
flavor groups and their sensory contributions to crawfish. This categorization comprised 
an initial effort to characterize crawfish flavors, combining instrumental analysis, 
olfactometry, sensory evaluation and multivariate statistical analysis.
Comparisons o f flavor profiles from crawfish tail puree (TP), crawfish whole- 
animal puree (WP), crawfish tail puree hydrolysate (TPH) and fructose-added crawfish tail
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puree (FTP) were performed using GC/MS and Multivariate PCA method. Extracts from 
TP and FTP showed very similar volatile profiles except for the concentration increase of 
thermally-generated flavors from 6% to 10% o f the total amount of flavors in crawfish 
(P<0.05). This result demonstrated the Maillard reaction effect on the thermally-processed 
crawfish. On the other hand, it suggested that the thermal flavor group is only one part of 
the flavor contributors, but not the dominant one. WP had significant flavor 
concentration changes, exhibiting both an increase in the oxidative flavors and a decrease 
of terpenic flavors. This result is attributed to the presence of large amount of 
hepatopancreas (fat) in the crawfish head and corresponding flavor-shell interactions during 
the processing procedure. TPH was emphasized in this study since it demonstrated a 
significant enrichment o f crawfish flavors by approximately 46% after enzymatic 
hydrolysis o f TP. Moreover, the increase o f thermally-generated flavors of TPH is in 
coincidence with the expected increase of precursors after enzymatic hydrolysis.
Obvious quantitative differences were observed by GC/MS and PCA analysis. 
However, the qualitative differences of flavor extracts between WP, TP, TPH and FTP 
were very slight. This suggests that TPH is the most appropriate material for preparation 
of commercial crawfish flavor stocks if higher concentration of flavor components 
compensate for the cost o f hydrolysis.
GC/O and AEDA analyses confirmed these results. The major flavors can be 
detected in all four purees except for some thermally-generated flavors. 2,3-butanedione, 
hexanal, a-terpineol, roasted-odor pyrazines and some aromatic compounds may be 
indispensable to an accurate assessment of the crawfish aroma.
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Investigation of the glycerol-cysteine model reaction revealed that isomeric 3,5- 
dimethyl- 1,2,4-trithiolanes are the major products. Pyrazine, thiazole, pyridine and 
tetrathiane also were detected but in relatively small amounts. However, the contribution 
of glycerol to flavor attributes o f food in general still is not clear.
The extrapolation of the research work reported here to commercial value-added 
crawfish-based products appears to be warranted since an economic and market analysis 
(Ozayan, 1997) supports the feasibility of utilization o f properly prepared crawfish puree 
exhibiting excellent flavor properties. Further work is warranted regarding other aroma- 
active compounds, which include some non-volatile nucleotides and amino acids. The role 
of the natural occurring carotenoid astaxanthin diffused through the crawfish puree, both 
as an antioxidant and potential flavor precursor, is another important research area which 
needs further studies. In addition, controlled addition of freshly collected crawfish fat to 
the tail portion prior to puree production requires more critical investigation.
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APPENDIX
Flavor Description and Corresponding Thresholds
Compounds Flavor Description Threshold
1 2-pentanone sweet, ethereal, fruity 61 ppm
2 2,3-butanedione buttery
3 4-methyl-2-pentanone fruit, ethereal, spicy 1.3ppb
4 a-pinene sharp pine 6—140 ppb
5 l-penten-3-one pungent mustard
6 2-propyl-furan 6 ppm
7 methylbenzene 4.7ppm
S 2-butenal
9 3-hexanone ethereal, wine-like
10 2,3 -pentanedione penetrating, buttery
11 dimethyldisulfide vegetable, cabbage 0.15 ppm
12 2-hexanone
13 hexanal green, grassy 4.5-2500 ppb
14 2-methyl-2-butenal green, fruit
15 3-pentanol
16 ethylbenzene
17 sabinene 75 ppm
18 (E)-3 -penten-2-one fruity
19 (E)-2-pentenal pungent green 2.3 ppm
20 2-butylfuran 1.0 ppm
21 p-xylene 0.47 ppm
22 1-butanol medicinal 2.5 ppm
23 m-xylene
24 2-methyl-2-pentenal powerful green, grassy
25 3-heptanone green, ethereal
26 7-oxabicyclo-[4,1,0]heptane
27 l-penten-3-ol buttery, mild green 0.4 ppm
28 b-myrecene sweet,balsamic, plastic 13-13,000 ppb
29 pyridine sour,fishy,putrid 82 ppm
30 2-heptanone fruit,cinnamon 1.0 ppm
(table cont'd)
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31 o-xylene
32 heptanal oily,woody 3-250 ppb 2
33 L-limonene citrus,lemon 10—1,000 ppb 1
34 3 -methy 1-butanol fusel oil,whisky
35 propylbenzene
36 pyrazine pungent sweet
37 (E)-2-hexenal sweet fruit 17-1,000 ppb 1
38 4-ethyltoluene
39 3-ethyltoluene
40 2-pentyl-furan green bean^netallic,vegetable 1.0 ppm
41 1,3,5-trimethy lbenzene
42 l-hexen-3-ol 70-500 ppb 1
43 1-pentanol balsamic
44 3-octanone herbaceous,buttery
45 styrene plastic 0.73 ppm
46 2-ethyltoluene
47 1 -methy lthiopropanal
48 2-methylpyrazine nutty,roasted,green,meaty 60 ppm 4
49 p-cymene
50 2-ethylpyridine
51 1,2,4-trimethylbenzene
52 2-octanone floral,green,herbaceous 2.5 ppm
53 3 -hydroxy-2-butanone
54 octanal fatty,citrus 0.7 ppb
55 2-penten-l-ol(E)
56 2-penten-l-ol(Z)
57 2,5-dimethylpyrazine roasted,nutty,medicinal,grassy 1.8 ppm 4
58 2,3-octadione
59 (E)-2-heptenal pungent green 13 ppb
60 2,6-dimethylpyrazine nutty,roasted 1.5 ppm 4
61 ethylpyrazine nutty,buttery 6 ppm 4
(table cont'd)
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62 N,N-dimethyl formamide
63 6-methyl-5-hepen-2-one herbaceous,green,oil,pungent
64 1,2,3-trimethylbenzene
65 2,3-dimethylpyrazine greenmutty,leather,caramel 2.5 ppm 4
66 1-hexanol 0.5 ppm
67 3-hexen-ol(E) strong green 70 ppb *
68 2-ethyl-5-methylpyrazine grassy 0.1 ppm 4
69 dimethyltrisulfide alliacious^neaty
70 2-nonanone fatty 7.7 ppm
71 2-ethyl-6-methylpyraziiie medicinal ,nutty,roaseted >100 ppm 4
72 nonanal floral,citrus,waxy 1.0 ppm
73 cyclohexanol 3.5 ppb
74 (E,Z)-2,4-hexdienal fresh, green,herbal,floral
75 2,3,5-trimethy lpyrazine
76 (E,E)-2,4-hexadienal
77 3-octen-2-one fruity,lemon
78 2-hexen-l-ol powerful green,fruit
79 2-octenal(E) green,herbaceous,spicy 3 ppb 4
80 2-cyclohexen-1 -one
81
82
l-octen-3-ol 
1,4-dichlorobenzene
mushroom,herbaceous,earthy 0.46—1,000
ppb
1
83 1-heptanol fragrant,woody,oily 3.0 ppb
84
85
2-ethy 1-3,6- 
imethylpyrazine 
1,2-dichlorocyclohexane
0.3~0.4ppb 1,4
86 (E,Z)-2,4-heptandienal sour, sweet
87 2-ethyl-1 -hexanol sweet, oily 270 ppm
88 2-decanone citrus 11 ppm
89 (E,E)-2,4-heptandienal
90 3-nonen-2-one
91 pyrrol nutty,ethereal
92 camphor camphoraceous
(table cont'd)
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93 benzaldehye bitter almond,fragrant 0.003-350 1 
ppb
94 2-nonenal(E) fatty,waxy 0.08-3,200 4 
ppb
95 linalool flaoral, citrus, lemon 6.0 ppb 1
96 1-octanol fatty,waxy 130 ppb
97 (E,Z)-2,4-octadienal vegetable,green, fatty
98 3,5-octadien-2-one
99 (E,Z)-2,6-nonadienal cucumber,green, waxy
100 (E,E)-2,4-octadienal vegetable,green, fatty
101 2-undecanone citrus,rose,fruity 100 ppm
102 2-decenal(E) floral,green,orange 0.3 ppb
103 2-acetylthiazole popcom,bread
104 1 -phenylethanone sweet,floral,almond,fragrant 65 ppm
105 2-chlorocyclohexanol
106 3-
thiophenecarboxaldehyde
107 a-terpineol flaoral,lilac,fragrant 0.34 ppm
108 endo-bomeol
109 2-
thiophenecarboxaldehyde
110 (E,E)-2,4-nonadienal strong floral,fatty
111 [1,1 '-biscyclopentyl]-2- 
one
112 naphthalene mothball 6.8 ppm
113 (E,Z)-2,4-decadienal sour,sweet,fatty,waxy 0.07-73,000 4 
ppb
114 (E,E)-2,4-decadienal powerful floral,citrus
115 methylnaphthalene
116 B-ionone woody .balsamic,floral 0.007ppb 3
117 benzothiazole rubbery
118 phenol 10-5,900 1
ppb
119 4-methylphenol phenolic lppb 1
120 indole unpleasant putrid,musty 20 ppb
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Note 1: Buttery et al. (1987)
2: Stahl (1973)
3: Buttery et al. (1990a)
4: Guadagni et al. (1972)
5: Cadwallader et al. (1995)
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